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Abstract 
While traveling in a vehicle users experience varying internal conditions and can be adversely 
influenced by the external environment. Research by Hodder and Parsons (200 1) quantified the 
effect of solar radiation on passengers in a car. Conclusions were drawn from laboratory based 
experiments and field trials, and a predictive model was developed, the PMV solar Model. 
Vaughan et al (2004) studied the effects of solar radiation, side on exposure, on participant's 
thermal comfort. Findings were consistent with Hodder and Parsons work indicating that rail 
carriage users can also be affected by solar radiation and external conditions. Experiments 1 
and 2 of this thesis further researched the effects of simulated solar radiation on rail users 
thermal sensation and thermal comfort. The findings of the laboratory experiments extended 
and further validated the PMVsolar model. Experiment 1 exposed 16 Subjects to 400Wm-2 of 
simulated solar radiation for 60 minutes. The Model had been designed using an exposure of30 
minutes. Conclusions were made indicating that even over extended periods of exposure the 
PMV solar model was still valid. Experiment 2 showed that shielding and re-exposing 16 
subjects to simulated solar radiation had immediate and significant effects on thermal sensation. 
Subjects were shielded after 60 minutes exposure from 400Wm-2 of radiation and then after 5 
minutes placed back in radiation before finally being withdrawn. It also showed the PMV solar 
model to be an accurate predictor of thermal sensation even in these transient conditions. 
Field trials were performed to validate the findings of the laboratory studies and further 
validation of the PMV solar with regards to rail travel. Two field trials were performed on 
separate days, with participants experiencing only low levels of radiation in each case. Field 
Trial 1 involved assessing the subjective thermal sensation of 8 participants in a standard 
carriage on a return journey from Loughborough to London. Field Trial 2 involved the 
assessment of 6 subjects on the same route but in a first class carriage. Comparisons and 
correlations of PMV and PMV solar models as predictors of thermal sensation were performed. 
Pearsons correlations of PMV and AMY (r= .348) were performed as well as correlations of 
PMV solar and AMY (r= .312). Pearsons Correlations were also performed on the findings of 
Field Trial 2, correlation of PMV and AMY found r= .321 and correlation of PMV solar and 
AMY, r= .333. In both trials the PMV and PMV solar models gave similar predictions making 
comparisons difficult. The PMV solar model was shown to be a practical and valid predictor of 
thermal sensation, bettered by no other present predictive model. The findings of the thesis 
have been used to create a Design Guide on thermal comfort for Rail Carriage Designers. 
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Notation 
AMV , actual mean vote 
C , heat loss by convection from the outer surface of the body 
clo , intrinsic insulation of the clothing 
d , diameter of the globe 
€ , emissivity of the globe 
E , evaporative heat loss 
Eres , heat loss from respiration 
Esk , rate of total evaporative heat loss form the skin 
he , convective heat loss 
hr , linearized radiative heat transfer coefficient 
Icl , Insulation index of clothing 
M , rate of metabolic energy produce 
Pa , Partial vapour pressure in Nm-2 
PMV , predicted mean vote 
PMV solar , Altered PMV model to cater for direct solar radiation 
Psa , saturated water vapour pressure 
Qsk , total rate ofheat loss from the skin 
Qres , total rate of heat loss through respiration 
R , heat loss by radiation 
RAD , amount of radiation 
T a , air temperature 
Teq, temperature of the uniform homogenous environment 
T g , globe temperature 
T r , radiant temperature 
T sk , skin temperature 
v, air velocity (m/s) 
W , rate of mechanical work 
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Chapter 1 
1. Introduction 
Rail passengers experience thermal discomfort particularly when sitting next to 
a window in the direct sun. Passengers in carriages experience a varying internal 
climate which provides a complex area for designers and researchers. Many factors 
need to be accounted for in the research into this area and also the practical implications 
of any findings. This thesis looks into the basic principles of thermal comfort 
specifically with regards to train travel and presents findings of research into human 
interaction within the train carriage. Conclusions are drawn from the research and 
practical implications are highlighted in order to provide a design guide for rail carriage 
engineers. 
1.1 Thermal Comfort 
Thermal Comfort can be defined as 'that condition of mind which expresses 
satisfaction with the thermal environment . ' (ASHRAE, 1996). 
This definition may seem more relevant in a psychological field than an 
Ergonomic's term, however we have to be aware of the human sensory system and its 
ability to judge and interact with the environment around it. With this in mind a number 
of indices have arisen that allow assessment of the environment and its predicted effect 
on human thermal comfort. Fanger (1970) predicted 3 conditions for human thermal 
comfort: 
a) That the body is in heat balance. 
b) Mean skin temperature is in the required limit for thermal comfort. 
c) Sweat Rate is in the required limit for thermal comfort. 
1.2 Heat Balance Equation 
Fanger outlined a need for the body to be in heat balance for thermal comfort. 
Humans need to be in heat balance to maintain our core temperature of approximately 
37°C in order for our bodies to function properly. ASHRAE (1989) gives the following 
equation ofheat Balance: 
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M-W= Qsk + Qres = (C+R+Esk) + (Cres + Eres) (1.1) 
(all units wm-2) 
M= rate of metabolic energy production 
W = rate of mechanical work 
Qsk =total rate of heat loss from the skin 
Qres = total rate of heat loss through respiration 
C = rate of convective heat loss from the skin 
R =rate of radiative heat loss from the skin 
Esk =rate of total evaporative heat loss form the skin 
Cres rate of convective heat loss form respiration 
Eres =rate of evaporative heat loss from respiration 
(Parsons, 2003) 
It is practical to think of the above equation in simple terms as heat produced in 
the body (M-W) and heat lost to the environment (Qsk + Qres)= (C+R+Esk) + (Cres + 
Eres). If heat production in the body is greater than heat loss to the environment then a 
rise in core temperature will result and hyperthermia may occur. If heat lost to the 
environment is greater than heat generated in the body a decrease in core temperature 
will occur resulting in hypothermia. 
Heat loss to the environment occurs in a number of ways. The body can lose 
heat through convective and radiative heat loss at the skin and evaporative heat loss at 
the skin. Radiative and convective heat loss are affected by a number of variables such 
as clothing, surface area ofthe body and environmental factors. Evaporative heat loss is 
also affected by the same variables, but is especially affected by humidity and skin 
wettedness. Heat loss from respiration occurs by convection and evaporation but is less 
complex. Heat is lost through inhaling cool air that is warmed in the lungs by the core 
temperature and then released to the environment when exhaling, resulting in heat loss 
by convection. When inhalation occurs the air is saturated to 100% by the lungs before 
being exhaled, this saturation by evaporation in the lungs requires energy in the form of 
heat that is lost to the environment. 
Very slight changes in core temperature or imbalances in the body's heat 
balance will be detected by the body's thermoregulatory system. Within the body there 
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is an effective temperature gradient, warmest at the centre (core) with temperature 
reducing in cells closer to the skin and outer surface. Cells exchange heat by conduction 
and/or convection and eventually this will reach external cells of the body and 
eventually to the body's surface and to the external environment. It is clear that the 
human body is in a constant state of heat exchange with the external environment, 
which can in extreme conditions be detrimental to health. In order to maintain a core 
temperature of 3TC the thermoregulatory system has a number of physiological 
responses which can dissipate or generate heat accordingly. 
1.3 Physiological responses 
1.3.1 Vasoconstriction and Vasodilation 
Vasoconstriction and vasodilation are the processes most readily used when 
slight changes in core temperature occur. Both these mechanisms occur due to changes 
in heart rate and cross-sectional area of the capillaries in the skin. When heat loss needs 
to be increased due to a rise in body temperature capillaries at the skin dilate and blood 
flow is directed to these areas allowing more heat to be lost to the external environment 
(vasodilation). 
In contrast when a fall in body temperature occurs blood flow is directed away 
from the skin to the vital organs and capillaries in the skin constrict decreasing the 
chances of heat loss to the environment (vasoconstriction). 
1.3.2 Shivering 
Within the hypothalamus is an area called the primary motor centre, which is 
responsible for shivering. This area is normally inhibited by signals from the anterior 
potion of the hypothalamus but is excited by cold signals from cold thermoreceptors in 
the skin and also signals from the spinal cord. When core temperature drops even by 
less than 1 OC the shivering reflex is triggered. Muscle groups begin to contract and 
relax vigorously increasing heat production which in turn increases metabolic heat 
production by up to 130 Wm-2 which can result in elevation of core body temperature. 
This increased movement within the muscles leads to an increase in blood circulation 
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which can in certain situations cause an increase in potential heat loss from the body to 
the environment. 
1.3.3 Sweating 
Humans have an ability to lose heat by evaporative heat loss through sweat 
production. Eccrine sweat glands secrete sweat over the body that cools the skin due to 
evaporation. Sweating is controlled by the autonomic nervous system in response to 
thermal and non-thermal stimuli. Thermal stimuli, for example increased skin 
temperature or increases in hypothalamic temperature, leads to increased sweat 
production in order to lose heat and stabilize core temperature. More recent research 
has concluded that non-thermal stimuli may lead to increases in sweat production. For 
example Eiken and Mekjaric (1985) have found that starting exercise increases sweat 
production despite no significant rises in core or mean skin temperature. The 
experimentation within this report does not expose subjects to any sort of heat stress or 
exercise that will lead to any significant sweat rates. Subjects will be asked to rate their 
stickiness that may occur as a result of some sweating, however this will not play a 
significant role in the findings of the report. 
1.4 Behavioural Thermoregulation 
Thermal discomfort leads to behavioural responses which minimize autonomic 
thermoregulation strain (Jaehne et al, 2005). As Humans we are able to learn to respond 
to thermal stimuli in order to keep our core temperature stable or simply to improve 
comfort. Behavioural thermoregulation covers all factors that allow us to change our 
environment to achieve a satisfactory state of thermal comfort. For example it covers 
opening a window in summer to putting on an extra layer in winter. It also covers 
simple and sometimes unnoticed behaviour like sitting with our arms folded in a 
hunched posture if we feel cold subconsciously reducing the surface area of the body 
from which heat can be lost. Behavioural thermoregulation is not autonomic but 
enables us to primarily feel more comfortable and ease strain on the body 
thermoregulatory system. 
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1.5 Environmental Measures 
From looking at the components of the heat balance equation and the bodily 
responses to changes in heat balance it is clear to see as humans we are influenced by 
our external environment. The external environment is determined by four basic 
parameters; air temperature, Radiant Temperature, Air velocity and Humidity as well as 
two personal parameters, metabolic rate and clothing. 
1.5.1 Air Temperature (ta) 
Parsons, 2003, defines air temperature as 'the temperature of the air surrounding 
the human body which is representative of that aspect of the surroundings which 
determines heat flow between the human body and the air . ' Air temperature is most 
commonly used to assess and describe our thermal environment. In everyday life we 
have readings of air temperature all around us, however it is the interaction of all four 
parameters that determines the effect on human thermal comfort. 
1.5.2 Radiant Temperature 
1.5.2.1 Mean Radiant temperature (tr) 
tr can be looked at as the combined measure of the temperature of the 
surrounding surfaces and also the orientation of the body to these surfaces. The human 
body is constantly exchanging radiant heat with the objects within its 'view', the larger 
the temperature difference of the human body's surface temperature and the adjacent 
objects temperature the more intense the energy exchange. tr is commonly measured 
using a 150 mm diameter Black Globe. The globe allows the measurement of radiation 
in three dimensions. We are unable to simply record the mean radiant temperature due 
to a number of other factors that effect globe temperature that need to be corrected for. 
For example increased air velocity will increase heat transfer by increasing convection. 
Bedford and Warner, 1934, provided a correction equation to take into account 
the effects of velocity and air temperature: 
tr = tg + 2.44 ..{ v (tg- ta) (1.2) 
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The above equation can only be used for low air velocity and when mr 
temperature and radiant temperature are within a degree of each other. 
ISO 7726 (1998) provides two equations for calculating tr from a black globe 
reading (tg ). One for natural convection: 
0.25 
- 273 
(1.3) 
And one for forced Convection: 
4 l.lxlO v · 
( 
8 0 6 
) 
0.25 
tr = (t g + 273 ) + E d 0.4 X (t g - t a ) - 273 
(1.4) 
For a standard Globe:E = 0.95 and d = 0.15m 
1.5.2.2 Plane Radiant Temperature 
Plane radiant temperature provides information on radiation in just one 
direction, where as tr is in all directions. Plane radiant temperature can be measured in 
multiple directions, but usually up/down, left/right, front/back, which can be easily 
applied to the human body. It is important to note that up/down orientation and 
front/back orientation have different.weightings due to the front/back of the body being 
a larger surface area than up/down. ISO 7726 (1998) also gives an equation to calculate 
tr from six plane radiant temperature measurements: 
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0.08{ tup + tdown) + 0.23{ tight+ tett) + 0.35(bront + tback) 
t=--~--~~-0-.0-8+~0-.2-3-+~0-.3-5)--~--~ 
(1.5) 
1.5.3 Air Velocity 
Air Velocity plays a crucial role in our thermal comfort. By increasing the air 
velocity over the body evaporative and convective heat transfer increases and heat 
loss occurs, leading to a reduction in skin temperature (Kaynakli and Kilic, 2005). 
Reduction in skin temperature can have beneficial or adverse effects on thermal 
comfort, depending upon the other environmental parameters. The effect of air 
velocity will vary according to direction and duration, it is therefore appropriate to 
measure velocity at a number of points and directions over a given period to gain an 
overall mean air velocity. 
1.5.4 Humidity 
Humidity can loosely be described as the amount of water vapour in the air. 
Humidity has a great effect on the efficiency of the sweating mechanism. In 
conditions of high humidity air surrounding the body is already close to saturation so 
therefore sweat can not evaporate as readily and so we can not lose as much heat to 
the environment. This concentration can be expressed as relative humidity or partial 
vapour pressure. 
Relative Humidity (rh%) is the ratio of the prevailing partial pressure of water 
vapour to the saturated water vapour pressure: 
rh%= Pa x 100 
Psa 
Pa =Partial vapour pressure in Nm-2, is the prevailing partial pressure of water vapour in the air. 
(1.6) 
Psa = Saturated water vapour pressure. This can be described as the figure when the air can hold no more water 
and the rh% is I 00%. This varies however with the air temperature, the higher the air temperature the more water 
the air can hold. 
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1.6 Metabolic rate 
Metabolic rate can be defined as the rate of energy production in the body. This 
energy is produced in the cells of the body using food and oxygen. This process is not 
very economical and a large amount of waste products are produced as well as heat. 
From the heat balance equation we know that heat can be dispersed to the environment 
a number of ways. Some of this energy produced is used by the body in mechanical 
work, but the greater the activity level the more oxygen and food needs to be consumed 
so more heat is generated. The units are given in Wm-2 to take into account the surface 
area of the individual. Surface area will be a factor in the amount of energy that can be 
lost to the environment, but is also normally associated with a body mass. An 
individual may have a large surface area to potentially lose heat but will also have a 
larger mass and therefore more potential to create heat. 
We can calculate metabolic rate in a number of ways however it is acceptable to 
use reference tables (e.g. Parsons, 2003) of estimates of metabolic rate of a number of 
activities: 
Table 1.1 - . Estimates of metabolic rate for basic activities 
Basic activity Estimate of metabolic rate (W m-2 
~~ ~ 
Sitting 58 
~~~ ~ 
Walking on level even path at 2 km h-1 110 
Walking on level even path at 5 km h-1 110 
Going upstairs (0.172m/step ), 80 stairs per minute 440 
Transporting a 10 kg load on the level at 4 km h-1 185 
2.3Clothing 
Heat loss through evaporation of sweat from the skin is an integral part of 
sustaining our core body temperature. Clothing has a major effect on the rate of 
evaporation and our ability to stay in equilibrium. To keep thermally neutral we need 
clothing that is appropriate to the environmental conditions. Due to its substantial effect 
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on our heat balance clothing has an effect on our thermal comfort and is another 
parameter that must be controlled in the investigation of thermal comfort. 
Gagge et al, 1941, first proposed a unit to quantify the insulation of a clothing 
system. Gagge et al calculated how much energy must be lost through the clothing in 
order for a seated man with a metabolic rate of approximately 58 Wm-2 to remain 
comfortable. This was calculated by controlling all basic parameters and recording a 
comfortable skin temperature of 33°C. Gagge et al, defined this unit as 1clo. = 0.155 
m2oc/W. 1 clo. Is approximately equal to a business suit and is still used today by 
ASHRAE and the ISO (Huang, 2006). 
ISO 9920 gives tables of clothing insulation properties (in clo. units) on a 
number of clothing ensembles and items. Also given is the instruction of how to 
determine the clo. value of specific clothing. The values given are appropriate for light 
or sedentary activity levels (low metabolic rates) however may be inappropriate at 
higher activity levels when body motion and air speed on the clothing need to be 
accounted for (Havenith et al, 2002). 
Recently there has been considerable research into the effects of clothing not 
only on thermal comfort but also performance. This has largely focused on protective 
clothing as well as everyday wear. Protective clothing is worn primarily for safety 
reasons, this often limits the users chances of behavioural thermoregulation, for 
example by adding or removing a layer. This has not only led to development of 
specialized materials but also strict guidelines on the use of the clothing to prevent any 
form ofthermal strain. 
1.8 Environmental Indices 
Knowledge of the basic parameters involved in thermal comfort have led to the 
development of thermal indices, which indicate the combined effect of these basic 
parameters on thermal comfort. A good index will take into account any combination of 
the 6 parameters and predict the effect on a person's thermal comfort. 
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1.8.1 Effective Temperature 
Effective temperature (ET) has been a widely used and recommended index for 
the assessment of indoor environments. The ET index uses the concept of the 
temperature of a standard environment as the index value. It is defined as 'the 
temperature of a standard environment that contains still, saturated air that would 
provide the same sensation of warmth as in the actual environment' (Parsons, 2003). 
Effective Temperature was devised from the work of Houghton and Yagloglou, 1923 
and Yagloglou and Miller, 1925. Their experiment involved subjects walking between 
thermal chambers at different temperatures and humidity's and rating their thermal 
sensation of warmth. The ET can be determined from psychrometric charts with air 
temperature, humidity and air velocity detailed so if all parameters are known then the 
ET index can be calculated. The ET index initially did not include radiant temperature 
but this was subsequently corrected to take this into account and the new index was 
termed the Corrected Effective Temperature (CET). 
1.8.2 Equivalent Temperature 
Dufton, 1932, proposed equivalent temperature as an index to assess thermal 
comfort. A Sensor was developed to maintain a room at a comfortable temperature 
despite fluctuations in the basic parameters; air temperature, radiant temperature and air 
velocity. The eupatheoscope simulated a persons dry heat loss and consisted of a black 
copper cylinder, that was internally heated and its size was selected to best represent a 
human body. Equivalent temperature considers not only the air temperature and the 
temperature of surrounding surfaces but also takes into account the influences of air 
velocity and the heat balance of a heated body ( da Silva, 2002). Equivalent 
temperature was further developed by Madsen et al (1984) who developed an equation 
for calculating Equivalent Temperature (teq). This allowed teq to be calculated without 
the use of the eupatheoscope once the basic parameters are recorded:: 
0.24-0.75~ 
teq == 0.55ta + 0.45tr + --1,..---+----=l-cl,----- (36.5 - ta) (1.7) 
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Icl =Insulation index of clothing (lclo. = 0.155 m2°C/W) 
( da Silva, 2002) 
1.8.3 Predicted Mean Vote (PMV) and Predicted Percentage Dissatisfied (PPD) 
ISO 7730 uses the PMV as an index for the assessment of thermal comfort in 
moderate environments. The PMV index is the most widely known and used index for 
the assessment of thermal comfort in both laboratory and practical situations. The PMV 
and PPD were first proposed by Fanger in 1970, and were based on a large number of 
results of thermal sensations by American students in a thermal chamber at various 
environmental conditions. Fanger devised a comfort equation that had inputs from the 
six basic parameters in order to calculate a PMV value. By taking into account the air 
temperature, radiant temperature, humidity, air velocity, clothing and metabolic rate the 
PMV gives a thermal sensation vote on a seven point scale: 
Hot +3 
Warm +2 
Slightly warm +1 
Neutral 0 
Slightly cool -1 
Cool -2 
Cold -3 
The PMV can be compared with an Actual Mean Vote (AMV) of a group of 
subjects in a given environment. 
The PPD predicts the percentage of the people that will be dissatisfied on the 7 
point scale. Dissatisfied is defined as sensation scores above +2 or below -2. Fanger 
suggests that even in a neutral conditions (PMV= 0) a minimum of 5% of people will 
be dissatisfied with the environment: 
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Predicted Mean Vote PMV 
Despite its wide use, the PMV scale is not without criticism and the index has 
been widely investigated with regard to its reliability and validity. Most recently Olesen 
and Parsons (2002) investigated many factors of the PMV and PPD including its 
validity, reliability and usability. The paper highlights many limiting factors and 
problems: 
• The PMV and PPD are accurate in laboratory based experiments but have been 
less useful in field studies. 
• The method of estimating variables such as clothing and metabolic rate have 
been questioned, it is important to note in practical field trials these two 
parameters are difficult to control and account for. 
• Sensitivity of the model has also been questioned including how well the 
method can distinguish between comfort conditions 
• PMV Index has not developed with the improvement of the heat balance 
equation and should possibly take into account mean skin temperatures. 
• Does not account for cultural and ethnic variation. 
(Olesen and Parso~s, 2002) 
Olesen and Parsons also question the reliability of the index and its usability. 
The index can be seen as reliable as calculations of a certain environmental condition 
should produce the same PMV and PPD anywhere. Whether individuals in the same 
conditions report the same AMV as the PMV is subject to debate. The PMV usability 
has improved with the use of computer programmes to calculate PMV values instead of 
the original tables from Fanger ( 1970). Despite highlighting certain previous criticisms 
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it appears the Olesen and Parsons paper still supports the use of the ISO 7730 and the 
PMV and PPD as a potential and robust index. 
Humphreys and Nicol (2002) report that the use of ISO 7730 and the PMV may 
be 'seriously misleading' when used to estimate thermal comfort in buildings. 
Humphreys and Nicols conclusions were based on results from 17,310 individual cases 
for which the PMV had been calculated and AMV recorded. It was concluded that the 
PMV can be seriously misleading in certain circumstances such as predicting comfort 
votes of groups in buildings. It was advised that ISO 7730 should highlight these 
limitations in validity. 
Despite certain criticisms it is important to note that the PMV and PPD are 
widely used and its relatively simple output has meant that it has been the dominant 
index for assessment of thermal comfort for the last 35 years. The 7 point scale is 
practical in laboratory and field based studies to obtain an AMV and as stated before 
with the use of personal computers PMV and PPD can be quickly and easily calculated. 
1.8.4 Operative Temperature 
The Operative Temperature (t0) is defined as 'the uniform temperature of a 
radiant black enclosure in which an occupant would exchange the same amount of heat 
by radiation plus convection as in an actual non uniform environment.' It was first 
proposed by Gagge et al and can be calculated by: 
1.9 Adaptive Model 
t 
0 
(1.8) 
he= convective heat transfer coefficient, W/(m2•0 C) 
h, = linearized radiative heat transfer coefficient, W/(m2•0 C) 
In light of the criticism of the PMV many researchers provide a new and 
different approach to thermal comfort modeling. De Dear, 1997, describes how 
contemporary thermal comfort research can be split into 'static and adaptive' schools of 
thought. The reported thermal Indices, including the PMV, fall into the category of 
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Static models, de Dear reports that these models see the human body as passive 
recipients of thermal stimuli. The alternative is that of the adaptive model of thermal 
comfort which largely sees the human body as 'playing an instrumental role creating 
their own thermal preferences' (de Dear et al, 1997). 
Advocates of the adaptive model see the simplistic 'cause and effect' approach 
of the static models as inadequate to describe thermal perception of the real world. The 
adaptive model can be divided into 3 categories of adaptation: 
• Behavioural Adjustment concerns all conscious and unconscious adjustments 
made by the individual can be defined as: 
1. Personal Adjustment- adjusting to the environment according to 
personal variables e.g. posture, clothing or location 
2. Technological/environmental Adjustment- modification of the 
surroundings by the individual e.g. opening/closing windows. 
3. Cultural adjustments e.g. dress code, siestas. 
• Physiological adjustment includes all changes in physiology as a result of the 
thermal environment. Can be further sub-divided into: 
1. Genetic Adaptation- alterations in physiology as a result of genetic 
heritage of a group/population. 
2. Acclimatization- changes m the 'settings' of the thermoregulatory 
system over a period oftime in response to an exposure to a thermal environment 
• Psychological Adjustment refers to an altered perception and reaction to the 
environment. It refers to an individuals 'comfort set points' which vary across time 
and space according to experiences and expectations 
(de Dear et al, 1997) 
It is important to highlight one of the advantages of the adaptive model is its 
ability to be used in different cultures. Humphreys and Nicol (2002) reported how the 
PMV and PPD can be seriously misleading when used in other cultural settings. PMV 
may not be as good for accounting for cultural differences where it appears the adaptive 
model can. 
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We may ask why we simply do not assess all environments with the adaptive 
model in mind. De Dear, 1997, reports that the adaptive model can be irrelevant to the 
comfort responses of subjects in a uniform environment like a climatic chamber, an 
important part of thermal comfort experimentation. It is also important to note that with 
regards to this report that the adaptive model has been largely talked of in terms of 
buildings and may not be appropriate to assess thermal comfort of vehicles. One 
integral part of the adaptive model is that of behavioural adjustment, which is severely 
limited in a vehicle particularly for the occupant that is controlling the vehicle. In a 
vehicle environment the PMV and PPD index can be applied relatively easily. The 
adaptive approach may be universally applicable, however in a vehicle the adaptive 
opportunity may be restricted. 
The PMV index has been and is described as a 'static model' that does not take 
into account psychological and physiological adaptation. This is not entirely accurate. 
The PMV is partially adaptive, it takes into account the thermal variables and clothing 
which can be adjusted by the user (de Dear et al, 1997). De Dear 1997, notes that if an 
adaptation model of thermal comfort is to be developed as a prediction tool then it 
should also combine features of static models like the PMV. 
1.10 Thermal Comfort and Vehicles 
There are major difficulties in assessment of vehicle thermal comfort; transient 
behaviour of the environment, impact of solar radiation, radiation from internal panels, 
fluctuations in air velocity and temperature (Huang and Han, 2002). This coupled with 
a very competitive car market, where individuals now expect a comfortable internal 
environment as well as car performance mean more money is invested. It is important 
to add that much previous research is still in the area of car design, more so than other 
vehicles. Designers need to be able to assess the impact of certain features on passenger 
thermal comfort. 
ISO 14505 gives guidelines on the evaluation of thermal environments in 
vehicles. Part 3 of the Standard is dedicated to the evaluation of vehicle environments 
using human subjects. The validity of a study is improved when human subjects are 
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used as opposed to physical and numerical models. The predictive models do provide 
reliable methods of assessment but as has already been reported the internal 
environment of a vehicle is complex and influenced by many factors. 
ISO 14505 part 3, states human subjects should be used for three main reasons 
stated below in the context of vehicle comfort: 
• To set up or carry out standardized test methods of thermal comfort in vehicles 
• To compare measures of thermal comfort in vehicles with prediction methods 
(models, indices) based upon measures of the thermal environment in vehicles 
• To determine the relationship between objective measures such as skin 
temperatures and subjective measures of thermal comfort. 
(ISO 14505 Part 3) 
Evaluation with human subjects allows objective physiological measures as 
well as subjective measures to be taken. Objective measures are those which 'quantify 
the physical or mental condition of a person by the use of instrumentation or measures 
of an output such as performance measures.' (ISO 14505 part3). Common examples of 
objective measures in thermal comfort are, skin temperature, heart rate, skin wettedness 
and core temperature. All of these offer an insight into thermal stress on the body and 
can be used as a predictor of thermal state. There are problems with validity when 
trying to correlate objective measures with perceived thermal sensation particularly at 
moderate temperatures, due to psychological nature of thermal comfort. Objective 
measures of human subjects do have a strong place in thermal comfort assessment and 
should be used to complement results and verify conditions. 
Subjective measures quantify the response of people to an environment using 
rating scales (ISO 14505, Part 3). Subjective measures in thermal comfort commonly 
measure sensation, comfort, stickiness, preference and dissatisfaction. All of these can 
be modified to cover the given environment and are generally simple to use. ISO 14505 
also delivers some specific principles of conditions of a thermal comfort 
trial/experiment. This covers the need for specific aims to be outlined early and the 
trials be based in the specific vehicle under investigation; however some laboratory 
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based experiments in specific simulators/chambers can be used in order to allow more 
specific measures and control. 
Furuse and Kamoriya, 1997, stated that the ET and PMV as non-effective ways 
of evaluating Thermal Comfort in a vehicle. The authors argue that ET and PMV are 
suitable for use in uniform environments, such as a living room, but that they are 
unsuitable in a non-uniform environment like a car. Human physiological factors were 
used to predict thermal comfort in vehicles based on mathematical principles and 
modeling of the human temperature regulation system. Previous research suggests that 
it is possible to predict a neutral sensation vote from physiological measurements like 
skin temperature. Gagge et al ,(1967), first proposed that a mean skin temperature of 
33 OC is required for neutral thermal sensation. Presumptions of thermal comfort based 
on physiological response in the experiment were largely accurate. It was reported that 
for environments with conditions of high solar radiation and humidity then accurate 
predictions were not possible. 
Matsunaga et al (1997) also comment about the non-uniform nature of the 
environment inside a vehicle. The difficulty in quantifying the environmental 
parameters causes problems when trying to process them into human comfort or 
discomfort indices, especially in a non-uniform environment. The authors suggest that 
human subjects can be unreliable, expensive and insensitive to small variances within 
the vehicles environment. Matsunaga et al (1997) put forward the case of using thermal 
manikins as a more effective assessment tool, they do acknowledge that more research 
is needed into this area. The main point of the two papers is to reliably link physical 
values recorded from manikins with subject's sensations, so as to more accurately 
investigate thermal comfort in humans. 
1.10.1 Thermal Comfort and Trains 
The privatization of the Railway Network in Great Britain has led to more 
competition for passengers. This has increased the need to provide optimum conditions 
for passengers on their services, part of which is thermal comfort. With increased rates 
of pollution and congestion on our roads, it appears train travel is coming back into use 
partly due to necessity than anything else. This has prompted further funding for 
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research into train travel as an alternative to the use of cars. An example of this new 
wave of research is the creation of Rail Research UK (RRUK), a research group set up 
to cover all aspects of train travel from geologists to human scientists to economists. 
One of its key areas is the internal environment of the carriage of which thermal 
comfort plays a crucial role. 
The train environment poses many problems when it comes to researching 
thermal comfort. Solar radiation can be an influential factor due to the large surface 
areas of glass that can allow direct exposure to individuals. One central problem is the 
non-uniform and transient conditions within a train carriage that are largely created by 
the opening and closing of the doors at stations. This exposes the passengers at the ends 
of the carriages to different thermal conditions from those passengers within the centre 
of the carriage. It is also important to add that passengers sitting in the same area of the 
carriage may be exposed to different conditions depending on whether or not they are 
in an aisle seat or window seat. Using the PMV scale we are able to cater for these 
variables by calculating all individuals PMV's at any given time and space. 
Researchers must also be aware of the design of modem railway carriages 
which normally are fitted with non-openable windows and air conditioning systems. 
This cuts down the options for behavioural adaptation and with the nature of train travel 
there is less chance to stop and escape the internal environment if it is not favorable. 
This makes it especially crucial to provide comfortable internal environments. 
1.10.2 Thermal Comfort and Multi-Passenger Vehicles 
The environment in a rail carriage is comparable to other multi-passenger 
vehicles like buses and planes. The transient pull down conditions and problems with 
uniformity of thermal comfort all can lead to passenger thermal discomfort. Research is 
again limited in these areas with regards to thermal comfort. 
Much research has been concerned with air quality within the cabin of buses 
and the effects of pollutants on passenger health than thermal comfort (Gee and Raper 
1999, Mui and Shek 2004). Interestingly the work ofMui and Shek showed that simple 
air conditioning units can significantly reduce the exposure of passengers to harmful 
respirable particles within the bus. Kulkemi and Fong (2004) assessed the function of 
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HV AC systems on thennal comfort within transient pull down conditions. Their 
findings showed common HVAC systems to be unsuitable for controlling thennal 
comfort in the varied conditions experienced in vehicles like buses, trains and planes. 
Instead a more unifonn air distribution system is suitable and not only decreases 
thennal discomfort but also reduces noise and draft effects on passengers. The system 
proposed as more suitable is a 'headliner' system with air ducts distributed evenly 
above the passengers. 
Bartels, 2003 conducted research into thennal comfort of plane seats, but the 
not the general internal environment of a planes cabin. Bartels used both objective 
measures using a 'skin model' hotplate and subjective measures using human subjects. 
The results were used to assess the suitability of a number of different fabrics and 
cushions in reducing passenger thermal discomfort. Bartel however did not perform any 
measures in an actual plane cabin or in field trials, using human subjects. 
1.11 Solar Experiments and Vehicles 
Solar radiation falling on a vehicle not only increases the temperature within the 
car but also heats internal surfaces that can radiate heat to the body, e.g. the dashboard 
which can lead to re-emission of infra-red radiation. The bulk of research into thermal 
comfort and vehicles has been in cars. Many of the principles of research into thermal 
comfort in cars can be applied to other vehicles including the railway carriage. 
Mezrhab and Buzidi (2006) reported the effects of a parked car in direct 
sunlight. Their findings showed drastic increases in temperature and more astonishingly 
that some surfaces within the car were recorded at 10o·c. Air conditioning played a 
huge role in being able to control thennal comfort and reduce surface temperatures. Air 
conditioning systems in a railway carriage are more complex than in a car, and will 
present a different challenge. 
1.12 Conclusions 
• Further Research is needed into thennal comfort in the railway carriage 
and particularly the effects of solar radiation on railway passengers. 
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• PMV Index is the most practical and accurate method for investigation 
into thermal comfort in the railway carriage environment. 
• For the PMV index to be applied accurately knowledge of the basic 
parameters and how to record them is required. 
1.13 Design and Aims of Thesis 
This thesis is further split into two areas, Part 2 describes the Laboratory 
Experiments carried out using simulated solar radiation. Part 3 presents the findings of 
field trials into and validation of findings from the Laboratory experiments. The aims of 
this thesis are as follows: 
• Report the effects of extended exposure to simulated solar radiation on thermal 
comfort. 
• Record the effects on thermal comfort of shielding and re-exposing subjects to 
simulated solar radiation. 
• Test the validity of the PMV solar Model in predicting Thermal Comfort for 
extended exposure and shielding and re-exposure to simulated solar radiation. 
• Validation of the Findings of the Laboratory experiments and Previous studies 
on Thermal Comfort in two Field Trials. 
• Further validation of PMV solar Model using Field Trials. 
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2. Experimental Methodologies 
2.1 Chapter Summary 
This chapter provides information on the methodologies used to achieve the aims of 
this thesis. It covers methodologies used in the context of two laboratory based 
experiments. The techniques for data gathering are explained and reasons given for 
their suitability within the experiments in question. Methodologies for the field trials 
are described in Part 3 Chapter 5. 
2.2 Laboratory Experiments 
Two experiments were conducted m the thermal Laboratory at Loughborough 
University. Environmental, Subjective and Objective measures were all recorded in 
both experiments with slight differences in environmental conditions between the two 
experiments. 
2.3 Test Facility 
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Figure 2.1 - Trevor Cole Solar Simulation Chamber 
The Trevor Cole Solar Simulation chamber is part of the environmental Ergonomics 
Laboratory at Loughborough University. The chamber has the feature of full 
environmental control which is crucial in thermal comfort research. This facility was 
chosen for the laboratory experiments in this thesis due to previous research being 
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conducted by Hodder and Parsons (2001) and Vaughan et al (2004) with reliable 
findings. The chamber is fully insulated and air conditioned enabling the experimenter 
to produce a thermally neutral environment, PMV of 0+/- 0.5 (ISO 7730). The chamber 
consists of a vertical window 975mm x 975mm x 5mm (clear monolithic glass) that 
best resembles a train carriage window. The chamber also has a window angled at 45° 
to enable research into thermal comfort in other vehicles, e.g. Cars. In front of the 
windows are two Fiat Punto Car Seats mounted on a rail to allow subjects to be 
introduced and with drawn from the window. Car seats were used as opposed to rail 
seats due to the ease of availability and use in similar previous studies. The seats are 
fully adjustable to allow side on and front on exposure of the subjects. 
2.4 Simulated Solar Radiation 
Solar Radiation is simulated by four 1000 watt metal halide, CSI lamps, manufactured 
by GE lightings. The lamps were mounted at 45 degrees to the vertical window on a 
fully adjustable metal frame, enabling the experimenter to alter the amount of radiation 
on the subjects, by varying the distance of the lamps to the subjects. Electric fans were 
placed below the lamps facing the window on the outside of the chamber so as to 
prevent the glass heating up and potentially re-radiating heat onto the subjects. 
Simulated Solar Radiation was measured before each experiment using a Skye 
pyranometer SPlllO positioned at the subjects upper arm. The Lamps were positioned 
so as to present 400Wm-2 of radiation onto the subject's upper arm and torso. 
2.5 Test Clothing 
Clothing is a parameter that needs to be controlled if thermal Comfort is to be assessed 
satisfactorily. Each participant was dressed in a standard clothing ensemble with an 
estimated insulation of 0.7 clo and was consistent with previous research conducted at 
the laboratory and during field trials (Hodder and Parsons 2001 and Vaughan et al, 
2004). The clothing consisted of beige chino style trousers and white shirt with sleeves 
rolled up, subjects wore there own underwear and shoes, as consistent with previous 
research. Subjects were also required to wear protective glasses as stated in the 
laboratories generic protocol on thermal comfort testing. 
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Figure 2.2 - Subject in clothing ensemble inside the test facility in direct exposure of 
simulated solar radiation. 
2.6 Environmental Measures 
The four basic parameters of thermal comfort were measured and recorded throughout 
the laboratory based experiments. 
• Air temperature (ta) was recorded using thermistors at four points around the 
subject in order to obtain a mean air temperature. The thermistors were not in 
direct radiation where possible and as a precaution were covered in aluminum 
foil to prevent any effects of solar radiation on the readings. All thermistors 
were calibrated prior to the experiments to 0.1 ·c of the target temperature in 
water baths verified with a certificated mercury in glass thermometer. 
• Radiant temperature (tr) was calculated from two globe temperature readings 
situated near the subjects. The globe temperature was recorded using two 
150mm black globes (see figure 2.2). 
• Air Velocity was measured using a hot wire anemometer. Two readings were 
taken at the feet and in front of the chest of the subjects to obtain a mean air 
velocity. 
• Relative Humidity was recorded using a hygrometer. 
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T a and tr were both recorded every 10 seconds using Eltek/Grant squirrel data loggers, 
air velocity and humidity were recorded every 5 minutes. 
2. 7 Objective Measures 
2. 7.1 Oral Temperatrure 
There are a number of methods for measuring internal body temperature that vary in 
accuracy and reliability. In some cases certain methods may not be practical due to the 
nature of the experiment or the subjects. It was decided for the laboratory based 
experiments that oral temperature would be used to assess core temperature. It is a 
widely used and largely non invasive method of assessment and requires minimal 
training. It involves placing a small mercury thermometer under the tongue (for 
approximately 4 mins) to measure the lingual artery temperature and is largely thought 
to be within 0.4 ·c of core temperature (Exacon Scientific, 2004). Other methods offer 
greater accuracy, however are more invasive to the subject. Oral temperature was 
recorded pre and post experiment to account for any heat storage that may have 
occurred during the experiments. 
2.7.2 Skin Temperature (tsk) 
Skin temperature was measured using thermistors placed at specific points on the body 
to gain an overall mean skin temperature. The laboratory based experiments involved 
exposing subjects to side on radiation so comparisons of skin temperature on the left 
and right side of the body were needed. There are a number of different methods for 
assessing mean skin temperature that give weightings to certain areas of the body 
largely due to surface area. Common methods are the Hardy/DuBois 7 point and 12 
point sytems and the Ramanathan 4 point system. For the Laboratory based 
experiments a double Ramanathan 7 point thermistor placement was used in order to 
allow comparisons for the left and right side of the body. Thermistors were placed on 
the subjects at the following points: 
• Chest 
• Upper Arm, left and right 
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• Anterior thigh, left and right 
• Shin, left and right. 
This method gives the following weightings to each area: 
Tsk= (tskchest x 0.3) + (tskupper arm x 0.3) + (tskanteriorthigh X 0.2) + (tskshin x 0.2) 
The same chest measurement was used for each side of the body to calculate the mean 
skin temperature. 
Thermistor placement and contact can be a problem when measuring skin temperature, 
certain methods for attaching the thermistors involve gluing and taping the thermistors 
to the skin. During the laboratory experiments thermistors were attached using 3M 
Transpore Non Insulative tape. 
2.8 Subjective Measures 
A number of subjective measures were taken during the laboratory experiments to 
assess subjects thermal experiences. The measures were all recorded on one simple 
questionnaire (see appendix A) answered by the subject at specific points over the two 
experiments. 
2.8.1 Thermal Sensation 
ISO 7730 recommends a seven point PMV scale for the assessment of thermal 
sensation: 
Hot +3 
Warm +2 
Slightly warm +1 
Neutral 0 
Slightly cool -1 
Cool -2 
Cold -3 
Subjects can rate their thermal sensation anywhere on this scale and for analysis 
purposes each category is assigned a number. Subjects mark on a vertical line their 
subjective sensation allowing them to mark anywhere in between two points, for 
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example subjects can mark on the vertical line between neutral and slightly warm 
giving a vote of 0.6. The seven point scale was altered for the laboratory experiments 
due to previous research by Hodder and Parsons (200 1) showing that under certain 
levels of radiation, as experienced in the laboratory experiments, the scale needed to 
be extended past 'Hot' to 'Very Hot' and the scale was shortened to exclude the 
'Cold' rating. The scale used in the laboratory experiments for assessment of thermal 
sensation was as follows: 
Very Hot +4 
Hot +3 
Warm +2 
Slightly warm +1 
Neutral 0 
Slightly cool -1 
Cool -2 
(Hodder, 2002) 
Subjects rated their thermal sensation on this scale Overall and at 9 localised points 
on the body to cater for any localised differences (see appendix A) 
2.8.2 Thermal Comfort 
The thermal comfort scale used in the laboratory experiments again used the same 
scale as previously tested by Hodder (2002). The scale is described as a 4 point 
thermal discomfort scale where subjects experiencing a neutral sensation would be 
viewed to rate their thermal comfort as 'not uncomfortable'. Any deviation from a 
neutral rating whether it be 'cool' or 'hot' will be seen to cause discomfort. The 
following four point scale was used to assess thermal comfort: 
Very Uncomfortable +4 
Uncomfortable +3 
Slightly Uncomfortable +2 
Not Uncomfortable + 1 
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As with thermal sensation subjects gave an overall rating and also ratings at 9 other 
points on the body. 
2.8.3 Stickiness 
Stickiness ratings can be used to assess thermal discomfort and also give indications 
as to the source of this discomfort. A similar 4 point scale to thermal comfort was 
used to assess stickiness that gives us an insight into sweating and skin wettedness: 
Very Sticky +4 
Sticky +3 
Slightly Sticky +2 
Not Sticky +1 
Overall stickiness was recorded as well as ratings at 9 other points on the body. 
Two more 7 point scales, presented horizontally were also added to the subjective 
questionnaires; 'How you would like to be now' and 'How you feel now in this 
environment'. Subjects were also asked to tick boxes on acceptability and 
satisfaction. 
2.9 Procedure 
Prior to the start of each laboratory experiment the thermal chamber was prepared 
to provide thermally neutral conditions (PMV of 0+/- 0.5) and all equipment was 
verified. The Solar lamps were switched on at least 30 minutes prior to the 
experiment to allow time for them to reach full power. The amount of radiation was 
recorded to make sure it was at the desired level of 400Wm-2. 
The subjects were instructed to arrive at a preparation room near the test facility 
approximately 20 minutes before the experiment started. Here subjects completed a 
Health and Consent form and their oral temperature was measured. The subject was 
then fitted with their thermistors in accordance with a double Ramanathan method 
and dressed in the test clothing. Subjects then completed their first questionnaire to 
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check that they were thermally neutral (PMV=O +/- 0.5) prior to being placed in the 
test facility. Once the experimenter was satisfied the subjects were moved into the test 
chamber and placed in the side facing car seat out of the radiation. Here the 
participants completed another pre test questionnaire to check thermal sensation was 
neutral. The Squirrel data Loggers were then started and the subject was placed in 
direct simulated solar radiation. Questionnaires were completed approximately every 
5 minutes (including one at 0 minutes) depending on the laboratory experiment. 
Environmental data was logged every 10 seconds by the squirrel data loggers and 
every 10 minutes by the experimenter as a precaution. Once the subjects had 
completed the experiment they were asked to complete a post test questionnaire. 
Subjects were then escorted back to the preparation room where thermistors were 
removed and oral temperature recorded again. 
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Thermal Comfort of railway Passengers 
Part 2: Laboratory Experiments. 
Chapter 3 : Experiment 1: The Effect of Exposure time on 
Thermal Comfort Responses to Simulated Solar radiation. 
Chapter 4 : Experiment 2: The Effect of Shielding and Re-
Exposure of Solar Radiation on Thermal Comfort 
Responses. 
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Chapter 3: 
Experiment 1: The Effect of Exposure time on Thermal 
Comfort Responses to Simulated Solar radiation. 
3.1 Introduction 
The purpose of much research into the effects of solar radiation on humans, has been to 
provide thermally satisfactory environments in buildings (Gouda et al2006, Chow et al, 
2006). Over the last decade the issue of thermal comfort in vehicles has been 
investigated. A travelling vehicle poses many problems to researchers and designers 
when trying to maintain a thermally neutral environment. For example a large 
proportion of a cars surface area is made of glass and exposes different parts of the 
body to different localised environmental conditions. Madsen et al (1986) reported that 
the difficulty with determining thermal comfort in a vehicle was the intensive and non-
uniform influence of solar radiation. This coupled with the problems of how to actually 
assess the vehicles environment makes for an interesting and challenging area of 
research. 
Hodder and Parsons (200 1) investigated the effects of front on exposure to simulated 
solar radiation. Their laboratory experiment was based on what a subject experiences 
when seated in a car in direct sun light. Hodder and Parsons developed a variation to 
the PMV index (ISO 7730) to account for the effects of solar radiation on thermal 
sensation: 
PMV solar= PMV + RAD Wm-2 
200 (3.1) 
RAD= amount of radiation (Wm-2) 'hitting' the subject e.g. for 
every 200 wm-2 'hitting' a subject raises PMV by 1 scale point. 
This model was further validated in field trials in Spain by Hodder and Parsons in 
2001. Vaughan et al (2004) reported the effects of side on exposure to simulated solar 
radiation, this orientation is more consistent with what is experienced in a railway 
carriage. The results were consistent with previous studies and produced a discomfort 
curve for thermal responses to side on exposure. The results showed a slightly less 
pronounced effect than Hodder and Parsons (2001) largely due to side on exposure 
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giving a smaller surface area to target than front on exposure. Ohnaka et al (2005) 
investigated the effects of simulated solar radiation to the head and trunk on the thermal 
comfort of seated subjects. This involved a similar methodology to the previous study 
of Hodder and Parsons (200 1) except for the exposure condition; subjects head only, 
trunk only and head and trunk combined. Results showed that subjects were 
significantly less sensitive to head only radiation than to trunk only radiation and head 
and trunk together. There was no significant difference between exposure to trunk only 
and head and trunk together. Results also showed a clear linear relationship between 
radiation level to the head and thermal sensation. Previous laboratory studies have only 
been conducted over a 30 minute time period. In these studies it has been assumed that 
after 30 minutes exposure the body has reached a steady state and will show no 
significant change in physiology or thermal sensation and comfort. This laboratory 
based experiment aimed to record any physiological and subjective changes that result 
from prolonged exposure to simulated solar radiation and also to determine if there are 
any significant differences between thermal sensation at 30 minutes and 60 minutes. 
This will allow further validation ofthe PMVsolar model (Hodder and Parsons, 2001). 
This experiment aims to recreate the conditions in a railway carriage so subjects 
will be exposed to side on radiation, exposing predominantly the head and trunk. It is 
reasonable to assume that when the body can adjust to heat stress (e.g. due to solar 
radiation) and maintain heat balance, that thermal comfort will be affected (e.g. due to 
changes in skin temperature and sweating). When exposed to solar radiation for 
example the body may increase blood flow to the skin via vasodilation and even sweat. 
If the solar load is constant then an adjustment to the body and consequent thermal 
discomfort will be a change (over around 15 mins) that will be maintained. It may be 
expected therefore that the thermal physiological state of the body as its state of thermal 
comfort or discomfort, will be maintained. A reasonable hypothesis is therefore that 
after this change has been made and 'steady state' reached, there will be no further 
effect of exposure time. It is the aim of this experiment to test this hypothesis. 
The practical relevance of the experiment to the prediction of thermal comfort 
in solar radiation is that, if the hypothesis is true, for conditions related to thermal 
comfort (and not heat stress where there may be heat storage) exposure time (e.g. 
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length of train journey) will not influence thermal comfort. That is only the thermal 
conditions at the time will need to be taken into account. 
3.2 Method 
3.2.1 Test Facility 
The experiments were carried out in Loughborough University's purpose built Solar 
Chamber. The chamber is fully insulated and air conditioned enabling the experimenter 
to produce a thermally neutral environment, PMV = 0+/- 0.5, as outlined in ISO 7730. 
The chamber Consists of a vertical window 975mm x 975mm x lmm (clear monolithic 
glass) and a side facing car seat. The seat was mounted on a rail to enable the subject to 
be introduced or withdrawn from direct radiation. Solar Radiation is simulated by four 
1000 watt metal halide, CSI lamps, manufactured by GE lighting. The lamps were 
mounted at 45 degrees to the vertical window on a fully adjustable metal frame, 
enabling the experimenter to alter the amount of radiation on the subjects. Radiation is 
checked prior to the experiment using a Skye pyranometer SPIll 0. 
3.2.2 Subjects 
Sixteen subjects, all recruited from Loughborough University were tested in this 
experiment. Subjects were all required to wear the same clothing ensemble of white 
long sleeve shirt (sleeves rolled up) and beige trousers, with their own underwear and 
shoes. This gave a clo value of 0. 7 for the ensemble. During the experiment participants 
wore protective sunglasses to prevent any damage and discomfort that may have been 
caused by the simulated solar radiation. 
3.2.3 Environmental Measures 
Environmental measures were recorded and logged every 10 seconds by Eltek/Grant 
squirrel data loggers. Air temperature (ta) was measured at four points using 
thermistors to obtain a mean air temperature around the subject. The thermistors were 
all calibrated prior to the experiment in a water bath and verified with a mercury 
thermometer submerged in the water. The accuracy of the thermistors was +/- 0.1 °C of 
the target temperature. Thermistors situated in direct radiation were covered in 
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aluminium foil so as to give an accurate measure of air temperature without any effect 
of simulated solar radiation. Mean radiant temperature was recorded using two 150mm 
black globes situated in the vicinity of the subject and logged every 10 seconds. Air 
velocity (v) was recorded in front of the torso and legs of the subject using an 
anemometer, relative humidity (%rh) was recorded in the chamber, both v and %rh 
were recorded every 5 minutes. Objective Mean and Local skin temperatures were 
recorded every 10 seconds by thermistors specifically placed on the subject. The 
Thermistors were placed in accordance with a double Ramanathan method on: 
Chest 
Upper arm, left and right 
Anterior thigh, left and right 
Shin, left and right. 
The specific placements enabled the experimenter to make comparisons of the left and 
right side of the body and also to obtain an accurate and reliable mean skin temperature. 
Simulated Solar Radiation was verified every ten minutes during the experiment using 
a Pyranometer. This allowed the experimenter to ensure the subject was being exposed 
to 400Wm-2 throughout with no variations in intensity. 
Oral temperature was recorded before and after the experiment using a simple Mercury 
thermometer. 
3.2.4 Subjective Measures 
Subjects were required to answer a subjective questionnaire every 5 minutes throughout 
the 1 hour experiment. Participants were also required to answer the questionnaire prior 
to and after the experiment. The subjective questionnaire consisted of 4 sections, 
thermal sensation, thermal comfort, stickiness and a preference vote. Thermal sensation 
was tested using a modified ISO 7730 seven point sensation scale ranging from Slightly 
cool to Extremely hot, the subjects rated their sensation overall and at 9 other localised 
points on the body. Thermal comfort and stickiness was scored on a 4 point scale of not 
uncomfortable to very uncomfortable and not sticky to very sticky. A continuous 7 
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point scale was used to attain preference ratings from much warmer to much cooler. An 
example of the questionnaire is provided in appendix A. 
3.2.5 Procedure 
The subjects were instructed to arrive at a preparation room near the test facility 
approximately 20 minutes before the experiment started. Here subjects completed a 
Health and Consent form and their oral temperature was measured. The subject was 
then fitted with their thermistors in accordance with a double Ramanathan method and 
dressed in the test clothing. Subjects then completed their first questionnaire to check 
they were thermally neutral (PMV=O +/- 0.5) prior to being placed in the test facility. 
Once the experimenter was satisfied, the subjects were moved into the test chamber and 
placed in the side facing car seat out of the radiation. Here the participants completed 
another pre test questionnaire to check thermal sensation was neutral. The Squirrel data 
Loggers were then started and the subject was placed in direct simulated solar radiation. 
Questionnaires were completed every 5 minutes (including one at 0 minutes) for one 
hour. Environmental data was logged every 10 seconds by the squirrel data loggers and 
every 10 minutes by the experimenter as a precaution. Once the subjects had completed 
one hour in the radiation they began the procedure outlined in Chapter 4.Subjects were 
then escorted back to the preparation room where thermistors were removed and oral 
temperature recorded again 
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3.3 Results 
3.3.1 Environmental Conditions 
Table 3.1- Summa of environmental data. 
Mean at: Omins 30 mins 60 mins Overall 
taCC) 18.68 21.79 22.99 21.87 
Shielded tg CC) 18.79 20.79 21.81 20.59 
tr from tg CC) 18.86 20.13 21.03 19.77 
v chest 0.08 0.075 0.077 0.078 
vFeet 0.062 0.071 0.071 0.069 
Mean Overall v 0.071 0.073 0.074 0.073 
Relative Humidity (%) 43.15 50.98 54.23 50.16 
PMV -1.9 -1.1 -0.7 -1.1 
PPD (%) 70.2 29.6 15.9 31.4 
AMV 0.4 1.7 2.1 1.4 
APD (%) 0 25 31.25 n/a 
PMVsolar 0.1 0.9 1.3 0.9 
Air temperature rose over the sixty minute experimental period by 3.19°C this led to an 
increase in the predicted mean vote (PMV) over the 60 minute period of the 
experiment. The PMV rose by 0.4 between the 30 minute and 60 minute points of the 
experiment, this was mirrored by the actual Mean vote (AMV) rising by 0.4 scale 
points between 30 and 60 minutes. To provide a comparison between 30 minute and 60 
minute end point responses to solar radiation this should be taken into account. That is, 
if the 'background' thermal conditions became warmer than it would be expected that 
the subjects would become warmer. The AMV values reflect this. Any effect of 
exposure time would therefore be shown as a greater change in response than expected 
due to any change in conditions. Radiant temperature rose by just over a degree across 
the experiment and mean air velocity never reached above 0.074ms-1. Humidity rose 
over the experimental period as expected due to the experimenter and subject being 
within the chamber for 60 minutes. 
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3.3.2 Subjective Results 
3.3.3Thermal Sensation 
Subjects voted on an altered 7. point PMV scale as recommended in IS07730. Thermal 
sensation was recorded every 5 minutes. 
Overall Thermal Sensation for Subject A Overall Thennal Sensation for Subject E 
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60 
time (mns) time (mlns) 
Overall Thennal Sensation for Subject B Overall Thennal Sensation for Subject F 
0 5 10 15 20 25 30 35 40 45 50 55 60 o 5 ro m 20 ~ 30 ~ 40 ~ 50 ~ 60 
time (mlns) time (mins) 
Overall Thermal Sensation for Subject C Overall Thennal Sensation for Subject G 
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60 
time (mins) time (mins) 
Overall Thennal Sensation for Subject D Overall Thennal Sensation for Subject H 
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60 
time (mins) time (mins) 
Figure 3.1 -Graphs show Thermal Sensation votes for individual subjects over 60 
minutes. 
(For Sensation, -2= cool, -1= slightly cool, 0= neutral, 1= slightly warm, 2= warm, 3= 
hot, 4= very hot) 
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Figure 3.2- Graphs show Thermal Sensation votes for individual subjects over 60 
minutes. 
(For Sensation, -2= cool, -1= slightly cool, 0= neutral, 1= slightly warm, 2= warm, 3= 
hot, 4= very hot) 
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Mean Overall Thermal Sensation at 400Wm-2 (n=16) 
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Figure 3.3- Mean Overall thermal Sensation Votes for all 16 participants. 
Table 3.2- Thermal sensation end points at 0, 30 and 60 minutes for all subjects. 
Subject 0 mins 30 mins 60 mins 
A 1 1 2 
B 0 0.2 0 
c 1.2 2.2 2.5 
D 0.9 1.3 2.3 
E 0 2 1.8 
F 1.4 1.7 1.9 
G 0 2 2.8 
H 1.8 2.7 3.5 
I 1 2 2 
J 1.2 1.7 2 
K 1 3 2.9 
L 0.9 0.6 2.4 
M 1 2 2 
N 1 1 1.2 
0 2 2 1.2 
p 1 2 3.8 
MEAN 0.4 1.7 2.1 
Standard deviation 0.61 0.73 0.91 
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The end vote for each subject was taken at 30 minutes and 60 minutes and compared 
using a Wilcoxon Rank Sum test as shown in the Table below: 
Subject End Point End Point Difference Rankofd Rank with 
at 30 mins at 60 mins (d) less 
frequent 
sign 
A 1 2 1 13.5 
B 0.2 0 -0.2 -5.5 5.5 
c 2.2 2.5 0.3 8.5 
D 1.3 2.3 1 13.5 
E 2 1.8 -0.2 -5.5 5.5 
F 1.7 1.9 0.2 5.5 
G 2 2.8 0.8 11 
H 2.7 3.5 0.8 11 
I 2 2 0 1.5 
J 1.7 2 0.3 8.5 
K 3 2.9 -0.1 -3 3 
L 0.6 2.4 1.8 15.5 
M 2 2 0 1.5 
N 1 1.2 0.2 5.5 
0 2 1.2 -0.8 -11 11 
p 2 3.8 1.8 15.5 
T=25 
The results ofthe Wilcoxon rank sum test calculated aT value of25, indicating a 
significance value ofp< 0.05. this suggests there is a significant difference between the 
end points at 30 minutes and 60 minutes. 
Table 3.3 - Spss output of Wilcoxon rank sum test (using SPSS) showing comparisons of 
60, 30 and 0 mins end points. 
z 
Sig. (2-tailed) 
60 m ins end point -
30 mins endpoint 
-2.238 
.025 
3.3.4 Interpretation of Results 
30 m in end point -
0 min endpoint 
-3.019 
.003 
60 m ins endpoint-
0 min endpoint 
-3.213 
.001 
From Table 3.2 and Figure 3.3 we can see an increase in participants thermal sensation 
from 30 minutes to 60 minutes. This increase is only small 0.4, less than half a scale 
point, but is however significant, p<0.05. The question needs to be addressed of whether 
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this increase is due to exposure to simulated solar radiation o r the slight increase in 
d by approximately 1 ·c environmental conditions in the chamber. Both ta and tr increase 
between 30 minutes and 60 minutes, raising the PMV by 0.4. The AMV interestingly also 
minutes. The Standard showed an increase of 0.4 scale points between 30 minutes and 60 
deviations of the end points at 30 and 60 minutes were quite tar ge, being 0.733 (to 3sf) 
al differences with how 
hese two points in the 
and 0.910 (to 3sf) respectively. This suggests quite large individu 
the subjects perceived their exposure to the environment at t 
experiment. 
Further analysis of the sensation votes was performed to accou nt for the rise in PMV 
iment. The table below 
utes and the PMV at 60 
en away from the AMV 
values between thirty minutes and sixty minutes during the exper 
shows the thermal sensation votes for all participants at thirty min 
minutes (PMV 60) minus the PMV at thirty minutes (PMV3o) tak 
at sixty minutes. This way statistical analysis was performed on the sensation votes 
without the effect ofthe rise in PMV. 
Table 3.4 - Subjects Thermal Sensation votes at thirty minute s and altered sensation 
votes at sixty minutes. 
Subject 30 mins 60m ins - (PMV 60 - PMV 30) 
A 1 1.6 
B 0.2 -0.4 
c 2.2 2.1 
D 1.3 1.9 
E 2 1.4 
F 1.7 1.5 
G 2 2.4 
H 2.7 3.1 
I 2 1.6 
J 1.7 1.6 
K 3 2.5 
L 0.6 2 
M 2 1.6 
N 1 0.8 
0 2 0.8 
p 2 3.4 
MEAN 1.7 1.7 
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Table 3.5 - Spss output of Wilcoxon rank sum test (using SPSS) showing comparisons of 
altered 60 minute and 30 minute end points. 
sixty-(PMV) - thirtymin 
z -.052 
Asymp. Sig. (2-tailed) .959 
Statistical analysis showed that there was not a significant difference between thermal 
sensation votes at 30 minutes when compared with the sensation votes at sixty minutes, 
when the rise in environmental conditions andPMV was accounted for. 
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3.3.5Thermal Comfort 
Subjects thermal Comfort was recorded on a four point comfort scale every five minutes 
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Figure 3.4 - Graphs show thermal comfort votes for 8 participants. (For Thermal 
Comfort- 1= Not Uncomfortable, 2= Slightly Uncomfortable, 3= Uncomfortable, 4= 
Very Uncomfortable). 
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Figure 3.5 - Graphs show thermal comfort votes for 8 participants. (For Thermal 
Comfort- 1= Not Uncomfortable, 2= Slightly Uncomfortable, 3= Uncomfortable, 4= 
Very Uncomfortable). 
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Mean Overall Thermal Comfort at 400Wm-2 (n=16) 
Uncomfortable 
Not Uncomfortable 
0 5 10 15 20 25 30 35 40 45 50 55 60 
time (mins) 
Figure 3.6- Mean Overall Thermal Comfort Votes for 16 Participants. 
a e -T bl 3 6 Th erma I C t; om ort en d pomts or , an mmutes. t; 0 30 d 60 . 
Subject 0 mins 30 mins 60 mins 
A 1 1 1 
B 1 1 1.1 
c 1.2 2 2.8 
D 1.6 2.6 3.2 
E 1 2.5 3 
F 1.8 2 2.5 
G 1.3 3 3 
H 2.8 3.1 3.5 
I 2 1.9 2 
J 1.3 1.6 2 
K 1.5 3 2.9 
L 1 1 2.5 
M 1 2.2 2 
N 1 1 2.1 
0 1.2 1.7 1.4 
p 1.2 2.2 3.2 
MEAN 1.3 1.9 2.3 
Standard Deviation 0.49 0.73 0.76 
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Table 3.7- Spss output of Wilcoxon rank sum test showing comparisons of 60, 30 and 0 
mins end points. 
30 m in endpoint- 60 m ins end point- 60 m ins end point -
0 min endpoint 0 min end point t 30 mins endpoint 
z 
-2.9841 -3.301 -2.609 
Sig. (2-tailed) .003 .001 .009 
3.3.6 Interpretation of Results 
Mean Thermal Comfort ratings increased by 0.4 scale points from the 30 minute end 
point of the experiment and the 60 minute end point of the experiment. Statistical 
analysis using a Wilcoxon rank sum test shows that this increase was significant over the 
thirty minute period, p< 0.05. From Figure 3.6 we can see this increase from the 30 
minute to 60 minute period of the experiments. It is interesting to note the slight leveling 
off thermal comfort votes between 25 minutes and 30 minutes. 
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3.3. 7 Stickiness 
Subjective stickiness was recorded every 5 minutes on a four point scale 
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Figure 3. 7- Graphs show stickiness rating of 8 subjects over 60 minutes. (For Stickiness-
1= Not Sticky, 2= Slightly Sticky, 3= Sticky, 4= Very Sticky) 
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Figure 3.8- Graphs show stickiness rating of8 subjects over 60 minutes. (For 
Stickiness- 1= Not Sticky, 2= Slightly Sticky, 3= Sticky, 4= Very Sticky) 
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Figure 3.9- Mean Stickiness ratings for 16 subjects over 60 minutes. 
T bl 3 8 Sf k" E d . t u 16 S b" t t 0 30 d 60 . t a e - IC mess n pom s or u ~ec sa 
' 
an mmues 
Subject 0 mins 30 mins 60 mins 
A 1 1 1.1 
B 1 1 1.1 
c 1.2 2 2.8 
D 1.2 2.6 3.4 
E 1 2.7 3.2 
F 1.4 1.7 1.9 
G 1 2.9 2.9 
H 2.9 3.1 3.7 
I 1 2 2 
J 1.2 1.7 2 
K 1 3 2.9 
L 1 1 2.4 
M 1 2 2 
N 1 1 1.8 
0 2 2 1.2 
p 1 1.9 2.9 
MEAN 1.2 1.9 2.3 
Standard Deviation 0.51 0.73 0.81 
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thirtyendpoint sixtyendpoint - sixtyendpoint -
- zeroendpoint zeroendpoint thirtvendpoint 
z -2.936 -3.241 -2.386 
Sig. (2-tailed) .003 .001 .017 
Table 3.9 - Spss output of Wilcoxon rank sum test showing comparisons of 60, 30 and 0 
mins end points. 
3.3.8 Interpretation of Results 
Statistical analysis shows that there was a significant difference between mean stickiness 
at 30 minutes and 60 minutes (table 3.9). It is clear to see from figure 3.9 that there is a 
steady increase in subjective stickiness votes across the 60 minutes of the experiment. 
Over the 60 minutes mean stickiness increased by 1.1 scale points, between 30 minutes 
and 60 minutes the increase was 0.4 scale points. Both of which were significant as 
shown in table 3.9. 
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3.3.9 Preference 
Subjects rated their preference on a horizontal six point scale every 5 minutes for the 
duration of the experiement. 
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Figure 3.10- Graphs show preference ratings of8 subjects (For Preference- -3= Much 
Cooler, -2= Cooler, -1= Slightly Cooler, 0= No Change, 1= Slightly Warmer, 2= 
Warmer, 3= Much Warmer) 
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Figure 3.11 -Graphs show preference ratings of 8 subjects (For Preference- -3= Much 
Cooler, -2= Cooler, -1= Slightly Cooler, 0= No Change, 1= Slightly Warmer, 2= 
Warmer, 3= Much Warmer) 
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Figure 3.12- Graph to show Mean Preference Votes for subjects (n=16) 
3.3.10 Interpretation of Results 
Mean preference was recorded by asking subjects to rate how they would like to be at 
that point in the experiment. After 60 minutes exposure subjects mean preference 
decreased by 1.15 scale points, from just below No change to in between Slightly Cooler 
and Cooler. After 30 minutes exposure mean preference had decreased by 0.45 scale 
points. 
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3.3.11 Mean Skin Tempe rature 
Due to technical errors 
participants failed to be 
with the squirrel data loggers some of the data for three of the 
fully recorded so have not been included in the final analysis of 
bjects E, G and N physiological data has been removed leaving the physiological data. Su 
13 subjects data. 
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T bl 3 9 L ft 'd Sk' T a e - e SI e m t d . t £ 13 b' t empera ure en pom s or su >Jec s. 
Subject 0 mins 30 mins 60 mins 
A 30.3 33.5 34.7 
B 29.9 33.1 33.5 
c 31.2 33.8 34.1 
D 32.0 34.7 35.2 
F 31.9 33.6 34.1 
H 32.2 33.9 34.1 
I 30.7 33.2 33.8 
J 31.3 33.4 33.7 
K 31.3 33.2 33.3 
L 31.6 33.8 34.1 
M 30.5 33.1 33.8 
0 30.5 32.6 33.4 
p 31.5 33.6 34.0 
MEAN 31.2 33.5 34.0 
Standard Deviation 0.7 0.5 0.5 
Table 3.10 - Right side Skin Temperature end points for 13 subjects. 
Sub.iect 0 mins 30 mins 60 mins 
A 31.4 33.2 33.7 
B 30.9 32.6 32.9 
c 31.1 32.1 32.4 
D 32.0 32.6 32.5 
F 32.0 33.0 33.1 
H 32.3 33.8 34.0 
I 30.8 32.4 32.7 
J 30.8 32.5 33.2 
K 32.1 32.4 32.2 
L 30.8 33.3 33.8 
M 29.9 32.1 32.5 
0 30.5 31.8 32.0 
p 32.1 33.4 33.7 
MEAN 31.3 32.7 33.0 
Standard Deviation 0.7 0.5 0.6 
56 
Table 3.11- Paired Samples t-Test of Left and Right Mean skin Temperatures at 30 
minutes and sixty minute;.;;s _______ ___,r-----r---r------
df 
Pair 1 thirtyminright- thrityminleft 
-4.886 12 
Pair2 sixtyminright- sixtyminleft -5.132 12 .000 
Pair3 thirtyminright - sixtyminright 
-3.700 12 .003 
Pair4 thrityminleft - sixtyminleft -5.754 12 .000 
3.3.12 Interpretation of Results 
Figure 3.15 clearly shows a steady mcrease m both left and right side mean skin 
temperatures over the duration of the experiment. After 3 minutes exposure to the solar 
radiation the left side mean skin temperature was always higher than the right side mean 
skin temperature. At the 30 minute point of the experiment the difference was 0.78·c and 
at the 60 minute point of the experiment the difference had increased to 1.1·c 
Using a Paired Samples t-test comparisons of mean left and right skin temperatures and 
the end points at thirty minutes and sixty minutes for both sides of the body were 
compared, highlighting any significant differences between the Left and Right Mean Skin 
Temperatures. Left side mean skin temperature increased between thirty and sixty 
minutes as did right side mean skin temperatures between the two points in the 
experiment. Both the differences in the left and the right side means at these points were 
significant as table 3.11 shows. Left side mean skin temperatures were higher at both 
these points when compared with the right side at the same points. This was due to the 
subjects being exposed to side on radiation from the left and was a significant difference 
as table 3.11 indicates. 
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3.4 Discussion 
3.4.1 Environmental Data 
Table 3.12 - Summa of environmental data. 
Mean at: Omins 30 mins 60 mins Overall 
taCC) 18.68 21.79 22.99 21.87 
Shielded tg CC) 18.79 20.79 21.81 20.59 
tr from tg CC) 18.86 20.13 21.03 19.77 
v chest 0.08 0.075 0.077 0.078 
vFeet 0.062 0.071 0.071 0.069 
Mean Overall v 0.071 0.073 0.074 0.0735 
Relative Humidity (%) 43.15 50.98 54.23 50.16 
PMV -1.9 -1.1 -0.7 -1.1 
PPD (%) 70.2 29.6 15.9 31.4 
AMV 0.4 1.7 2.1 1.4 
APD (%) 0 25 31.25 n/a 
PMVsolar 0.1 0.9 1.3 0.9 
Environmental conditions were not controlled as required in the experimental design so 
some interpretations of results are required. At the start of the experimental procedure 
the PMV was lower than 0+/- 0.5 as outlined in ISO 7730 for neutral conditions. This 
was largely down to poor control of ta which was low at the start of the experiment. T r 
was relatively well controlled and slight increases were expected due to the impact of 
the simulated solar radiation on the test facility, precautions were taken to insure as 
little re-radiation as possible by blowing cool air onto the outer surface of the window. 
Air velocity was maintained below 0.1ms so no forced convection influenced the 
AMV. Humidity increased over the experiment due to the presence of both the subject 
and experimenter in the test facility, this increase however did not have a significant 
effect on the PMV/AMV. 
3.4.2 Thermal Sensation 
AMV at the start of the experiment was recorded within the boundary set out in ISO 
7730 and raised from 0.4 to 2.1 a rise of 1. 7 scale points, the PMV rose by 1.2 scale 
points over the course of the sixty minutes. The aim of this experiment was to 
investigate the effects of prolonged exposure so comparisons have been made between 
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the 30 minute and sixty minute points of the experiment. Thermal sensation increased 
significantly between the 30 minute and 60 minute points in the experiment. The 
increase was 0.4 scale points, the same increase is shown in the PMV between the two 
points. This indicates that this significant increase may be due to the increase in 
environmental conditions causing a higher PMV. When the increase in Environmental 
conditions and PMV are accounted for the difference between the 30 minute end points 
and 60 minute end points is not significant. This suggests that subjects did reach a 
steady state point and had the experiment been extended longer a significant rise in 
PMV would not have been recorded. During a train journey it is correct to assume that 
an individual will only be affected by the conditions at that point and there will be no 
need to account for time exposure to any solar radiation. 
3.4.3 Thermal Comfort 
Discomfort increased over the 60 minute exposure due to the simulated solar radiation. 
The difference between the 30 minute and 60 minute end points was significant, this 
suggests that prolonged exposure to solar radiation does increase thermal discomfort. 
This may have been affected by the PMV increasing as well between the 30 minute and 
60 minute period, causing the subjects to experience warmer conditions at the 60 
minute point than the 30 minute point. 
3.4.4 Stickiness 
Subjects reported increases in subjective stickiness throughout the 60 minute exposure. 
Main areas of stickiness and wetness were at the arm pits and interestingly the back. 
Left trunk was also highlighted as a 'Sticky' area, again due to the left side exposure to 
the solar radiation. Overall stickiness did increase significantly between the 30 minute 
and sixty minute points of the experiment, which suggests that prolonged exposure 
does increase skin wetness and sweating. 
3.4.5 Skin Temperature 
Mean skin temperature was significantly affected by the simulated solar radiation. t-
tests of the left side and right side mean skin temperatures show that the Left side was 
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significantly higher between 30 minutes and 60 minutes and throughout the whole 
experiment. Both left and right sides also increased significantly between the 30 minute 
and 60 minute points. This indicated that prolonged exposure to simulated solar 
radiation does increase skin temperature significantly in both exposed and shaded sides 
of the body. It is important to note however that the right side mean skin temperature 
never rose above 33.01 °C. It is important to note that the right side mean skin 
temperatures still falls into the level that was reported as comfortable/neutral for a 
sedentary person, 33°C, by Gagge et al (1967). 
Left side mean skin temperature reached just over 34°C at the 60 minute point, and 
interestingly at the 30 minute point was still close to the temperature concluded by 
Gagge et al, at 33.5°C. 
3.4.6 Consequences for PMV solar Model 
Simulated Solar radiation had an effect on thermal sensation as this is clearly seen by 
the difference between the PMV and AMV (Table 3.12). At 0 minutes subjects AMV 
was 2.3 scale points higher than the PMV, at 30 minutes the AMV was 2.8 scale points 
higher and at 60 minutes the AMV was 2.84 scale points higher. Using Hodder and 
Parsons (2001) PMVso1ar model we would predict that the 400 Wm-2 experienced by 
the subjects would raise the PMV by 2 scale points: 
e.g. PMV solar= PMV + 400/200 
=PMV+2 
So ifthe PMV=l then 400 Wm-2 will increase Thermal sensation by 2 scale points. 
The differences showed a slight higher reading than would have been predicted, 
however in practical terms during a train journey this model will still be valid for 
extended periods/journeys. With the comfort votes recorded at this level of exposure it 
would probably be safe to assume that passengers would show behavioural adaptation 
to this stimulus and not want to be exposed to this level of radiation for an extended 
period. 
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3.5 Conclusions 
• Extended exposure to simulated solar radiation did have an effect on subjective 
thermal sensation. A significant increase was recorded over an extended period 
of time. This was due to the increase in PMV. When this was accounted for, 
extended exposure to simulated solar radiation did not have an effect on 
Thermal Sensation. 
• Thermal Comfort did increase significantly due to extended exposure, however 
can be accounted for by the rise in environmental conditions rather than 
exposure to simulated solar radiation 
• Subjective Stickiness increased due to extended exposure and agam was 
affected by the increase in 'background' conditions. 
• Prolonged exposure to simulated solar radiation does increase skin temperature 
significantly in both exposed and shaded sides of the body. It is important to 
note however that the shaded side mean skin temperature never rose above 
33.01 ·c, still in the limits of thermal comfort as proposed by Gagge et al 
(1967). 
• PMV solar Model is still valid for extended periods of exposure, however in this 
trial slightly higher than predicted sensation votes were recorded than the model 
predicted. 
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Chapter 4: 
Experiment 2: The Effect of Shielding and Re-Exposure of 
Solar Radiation on Thermal Comfort 
Responses. 
4.1 Introduction 
It has been reported on numerous occasions that the environment experienced in 
a vehicle can be transient and dynamic. Whilst traveling external environments can and 
do change rapidly and this can significantly influence the internal environment 
experienced by the occupants of the vehicle. Madsen et al (1986) reported a crucial 
factor in determining thermal comfort in a vehicle is the non-uniform and intensive 
influence of solar radiation. Previous studies have shown that we can now account for 
the effects of solar radiation and as recorded by Hodder and Parsons (200 1) we are now 
able to quantify its effect on thermal sensation. However if the influence of solar 
radiation can be quantified, how long does this influence last and what happens if the 
solar radiation is immediately 'switched off? During a journey in a train it is simple to 
observe the potential for solar radiation to be 'switched off, for example the sun being 
covered by a cloud, the carriage traveling through a tunnel, or the carriage changing 
direction. All of the above situations may cause the passenger to primarily be exposed 
to solar radiation and then shielded from it. These situations may cause an opposite 
effect where the subject is shielded and then suddenly exposed to solar radiation, 
affecting thermal comfort. 
Previous literature on the prolonged effects of solar radiation and also its effects 
in transient environments is scarce. Literature related to this problem are normally with 
reference to· internal transient conditions in buildings, there has been little previous 
research into this problem and vehicles and none with regards to trains. 
Some of the earliest studies on transient conditions and thermal comfort were 
inadvertently conducted by Yagloglou et al (1923). The research focused around the 
development of the Effective Temperature (ET) index. The experiment consisted of 
three subjects walking between two chambers and compared varying combinations of 
air temperature and humidity using a subjective scale. Subjects were required to give a 
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subjective rating immediately and were therefore affected by the transient conditions. 
The data is valid for use in transient conditions but not for steady state environments 
usually experienced indoors. 
Internal environments within a building are usually thought of as steady state 
and non-transient. Research has found that particularly in summer, transient conditions 
can be experienced within an office environment. Kaynakli and Kilic (2005) reported 
how areas such as hallways and corridors can be heated by solar radisation and 
therefore produce a transient condition when people walk out of easily thermally 
controlled areas such as an office. Therefore, architects and the engineers need to 
consider transient reactions of the body in building design and construction including 
operation and maintenance (Kaynakli and Kilic, 2005). If certain areas of buildings are 
causing increases in temperature there comes the issue of energy consumption and 
costs. This is where much of the research into this problem has come, particularly with 
the idea of preventing solar radiation altering internal environments both thermally and 
with regards to lighting levels (Roche and Milne, 2004, Greenup and Edmonds, 2004). 
To summarise, we are able to quantify the effect of solar radiation on subjects 
thermal sensation. We know that solar radiation can cause transient conditions in 
buildings and particularly in vehicles. Research into the prolonged effects of solar 
radiation on thermal comfort is scarce. This experiment aims to record the effects on 
thermal comfort of being suddenly exposed and suddenly shielded from solar radiation 
and the lasting effects of this exposure, to solar radiation. 
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4.2 Methodology 
This experiment was conducted immediately after the experiment described in 
Chapter 3. this was because the experiment in chapter 3 pre-conditioned the subjects 
for 1 hour Exposure to 400Wm-2 of simulated solar radiation. 
4.2.1 Test Facility 
The experiments were carried out in Loughborough University's purpose built Solar 
Chamber. The chamber is fully insulated and air conditioned enabling the 
experimenter to produce a thermally neutral environment, PMV = 0+/- 0.5, as 
outlined in ISO 7730. The chamber Consists of a vertical window 975mm x 975mm x 
1mm (clear monolithic glass) and a side facing car seat. The seat was mounted on a 
rail to enable the subject to be introduced or withdrawn from direct radiation. Solar 
Radiation is simulated by four 1000 watt metal halide, CSI lamps, manufactured by 
GE lightings. The lamps were mounted at 45 degrees to the vertical window on a 
fully adjustable metal frame, enabling the experimenter to alter the amount of 
radiation on the subjects. Radiation is checked prior to the experiment using a Skye 
pyranometer SP1110. 
4.2.2 Subjects 
Sixteen subjects, all recruited from Loughborough University were tested in this 
experiment. Subjects were all required to wear the same clothing ensemble of white 
long sleeve shirt (sleeves rolled up) and beige trousers, with their own underwear and 
shoes. This gave an estimated clo value of 0. 7 for the ensemble. During the 
experiment participants wore protective sunglasses to prevent any damage and 
discomfort that may have been caused by the simulated solar radiation. 
4.2.3 Environmental Measures 
Environmental measures were recorded and logged every 10 seconds by Eltek/Grant 
squirrel data loggers. Air temperature (ta) was measured at four points using 
thermistors to obtain a mean air temperature around the subject. The thermistors were 
all calibrated prior to the experiment in a water bath and verified with a mercury 
thermometer submerged in the water. The accuracy of the thermistors was +/- 0.1 oc 
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of the target temperature. Thermistors situated in direct radiation were covered in 
aluminium foil so as to give an accurate measure of air temperature without any effect 
of simulated solar radiation. Mean radiant temperature was recorded using two 
150mm black globes situated in the vicinity of the subject and logged every 10 
seconds. Air velocity (v) was recorded in front of the torso and legs of the subject 
using an anemometer, relative humidity (%rh) was recorded in the chamber, both v 
and %rh were recorded every 5 minutes. Objective Mean and Local skin temperatures 
were recorded every 10 seconds by thermistors specifically placed on the subject. The 
Thermistors were placed in accordance with a double Ramanathan on: 
Chest 
Front shoulder, left and right 
Anterior thigh, left and right 
Shin, left and right. 
The specific placements enabled the experimenter to make comparisons of the left 
and right side of the body and also to obtain an accurate and reliable mean skin 
temperature. 
4.2.4 Subjective Measures 
After 60 minutes exposure, subjects were required to answer a subjective 
questionnaire at 6 points throughout the shielding and re-exposure parts of the 
experiment (see table 4.1 ). Participants were also required to answer the questionnaire 
prior to and after the experiment. The subjective questionnaire consisted of 4 sections, 
thermal sensation, thermal comfort, stickiness and a preference vote to obtain an 
overall PPD. Thermal sensation was tested using a modified ISO 7730 seven point 
sensation scale ranging from Slightly cool to Extremely hot, the subjects rated their 
sensation overall and at 9 other localised points on the body. Thermal comfort and 
stickiness was scored on a 4 point scale of not uncomfortable to very uncomfortable 
and not sticky to very sticky. A continuous 7 point scale was used to attain preference 
ratings from much warmer to much cooler 
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Table 4.1 - summary of time subjects answered questionnaires and amount of 
radiation subject was exposed to (after 60 minutes continuous exposure). 
Questionnaire Experimental Time (mins) Si mulated Solar Radiation (Wm-2) 
1 0 (after 60 mins exposure) 400 
2 1 0 
3 6 0 
4 7 400 
5 12 400 
6 post 0 
4.2.5 Procedure 
The subjects were instructed to arrive at a preparation room near the test facility 
approximately 20 minutes before the experiment started. Here subjects completed a 
Health and Consent form and their oral temperature was measured. The subject was 
then fitted with their thermistors in accordance with a double Ramanathan mean skin 
temperature method and dressed in the test clothing. Subjects then completed their 
first questionnaire to check they were thermally neutral (PMV=O +/- 0.5) prior to 
being placed in the test facility. Once the experimenter was satisfied the subjects were 
moved into the test chamber and placed in the side facing car seat out of the radiation. 
Here the participants completed another pre test questionnaire to check their thermal 
sensation was neutral. The Squirrel data Loggers were then started and the subject 
was placed in direct simulated solar radiation. Subjects were exposed to 400 Wm-2 
for 60 minutes before the experiment was started. Subjects were instructed to answer 
a subjective questionnaire on 60 minutes and once completed a shield was placed in 
front of the lamps to completely shade the participant from the radiation. Subjects 
were instructed to answer a questionnaire immediately. Another questionnaire was 
answered 5 minutes later where on completion the shield was removed and subjects 
were again exposed to simulated solar radiation. Another questionnaire was answered 
immediately and again after 5 minutes back in radiation. The subjects were then 
removed from the radiation and instructed to answer a post experiment questionnaire. 
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Environmental data was logged every 10 seconds by the squirrel data loggers. 
Subjects were then escorted back to the preparation room where thermistors were 
removed and oral temperature recorded again. 
Figure 4.1 -Subjects shown in ' shade' and in radiation in test facility . 
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4.3 Results 
4.3.1 Environmental data 
Table 4.2- Summary of environmental data. 
Mean at: 60 mins 1 min 6mins 7 mins 12 mins I 
taCC) 22.99 23.04 22.8 22.81 23.19 
Shielded tg CC) 21.81 21.85 21.88 21.87 21.9 
tr from tg CC) 21.03 21.71 21.77 21.76 21.75 
v chest 0.07 0.07 0.08 0.08 0.07 
v Feet 0.07 0.07 0.07 0.07 0.06 
Mean Overall v 0.07 0.07 0.07 0.07 0.07 
Relative Humidit~ (%) 54.2 55.1 55.9 56.6 57.3 
PMV -0.7 -0.3 -0.4 -0.4 -0.3 
PPD (%) 15.9 7.5 7.9 7.8 6.9 
AMV 2.1 0.7 0.4 1 1.6 
APD (%) 31.25 12.5 6.25 18.075 37.5 
PMVsolar 1.3 -0.3 -0.4 1.6 1.7 
Environmental conditions were stable throughout the experiment with background 
PMV only changing by 0.4 scale points throughout and in the middle of the experiment 
conditions were kept between -0.3 and -0.4. PMV solar shows that at the start of the 
experiment the predictor was not that accurate with the AMV being 0.8 scale points 
higher, however at the 7 mins and 12 mins points of the experiment AMV is 0.6 and 
only 0.1, respectively lower than the Model. 
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4.3.2 Thermal Sensation 
Subjects rated their thermal sensation on six occasions during the experiment, after 60 
mins exposure, at 1 mins and 6mins out of radiation, at 7mins and 12mins in radiation 
and a post questionnaire out of radiation. 
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Figure 4.2- Graphs show Thermal Sensation votes for individual subjects. 
(For Sensation, -2= cool, -1= slightly cool, 0= neutral, 1= slightly warm, 2= warm, 3= 
hot, 4= very hot) 
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Figure 4.3 - Graphs show Thermal Sensation votes for individual subjects over 60 
minutes. (For Sensation, -2= cool, -1= slightly cool, 0= neutral, 1= slightly warm, 2= 
warm, 3= hot, 4= very hot) 
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Mean Overall Thermal Sensation at 400Wm-2 (n=16) 
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Figure 4.4 - Mean Overall Thermal Sensation Votes for 16 Participants. Subjects 
shielded at 1 minute for a total of 5 minutes followed by re-exposure for a total of 5 
minutes before final shielding from simulated solar radiation. 
Table 4.3 -Summary of overall sensation votes for 16 subjects. 
Sub_ject 60 mins 1 min 6 min 7min 12 min post 
A 2 -0.8 0.5 0.2 1 -0.8 
B 0 0.2 0.1 0 0 -0.1 
c 1 0.5 0 0.1 0 -0.1 
D 1 0.5 0 0.1 0.5 0 
E 1.8 1.5 0 1 1.4 0.8 
F 3 -0.1 0 0.9 2.5 1.6 
G 2.8 2.4 2 1.9 2.6 1.9 
H 3.5 3 2.4 2.7 3.2 2.9 
I 1 0.2 0 0.3 1 0.4 
J 2.9 2.6 2 2.7 3 2 
K 2.6 2 1.5 2 3 2.1 
L 2.4 0.5 -0.2 0 0.9 0.4 
M 2.1 0.1 0 2.7 2.3 0 
N 1.2 0.4 0.3 1 1 1 
0 -0.1 -1.6 -1 -0.3 0 -0.2 
p 3.8 0.2 -0.2 1 2 1 
MEAN 2.1 0.75 0.46 1.07 1.6 0.918 
Standard Deviation 1.14 1.25 0.96 1.03 1.06 1.03 
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Table 4.4- Spss output ofWilcoxon rank sum test (using SPSS) 
twelveminsr- onemin- sixmins- sevenminsr- twelveminsr -
sixtyminsr sixtyminsr onemin sixmins sevenminsr post - onemin 
z -2.390 -3.468 -1.997 -2.904 -2.924 -.028 
Sig. (2-tailed) .017 .001 .046 .004 .003 .977 
4.3.3 Interpretation of results 
The effect of solar radiation being turned off and on, is clearly seen in figure 4.4, with 
distinct drops and rises in thermal sensation in accordance with the amount of radiation. 
Being with drawn from the solar radiation immediately showed a significant drop in the 
AMV recorded. A further significant drop was recorded in the five minutes that 
followed out of solar radiation, although this was only by 0.29 scale points. On re-
exposure to radiation subjects showed a significant increase again, almost immediately 
rising 0.61 scale points. A rise of 0.53 scale points was recorded over the next five 
minutes indicating that the rise in AMV when in radiation is less immediate than when 
shielded from the radiation. When subjects were finally withdrawn from the experiment 
a significant drop of 0. 7 scale points occurred. Statistical analysis showed that this drop 
was not significantly different to the first fall, at 1 minute, in AMV due to being 
shielded from the radiation. 
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AMV and Hypothesised Mean Sensation at 400Wm-2 
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Figure 4.5 - AMV of sixteen subjects and Hypothesized Mean sensation votes. 
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4.3.4 Thermal Comfort 
Subjects thermal Comfort was recorded on a four point scale at six points during the 
experiment. 
OveraD Thermal Comfort for Subject A 
s ~·~----------------------~ 
u )•+------------! 
.. 1 3 • 5 11 7 11 9 10 11 12 post 
lino (mlns) 
Overall Thermal Comfort for Subject B 
i•t---------------------------~ 
u J·t------------1 
1~~~~~~~~~~~~~~ 
60 1 2 3 .. 5 8 7 8 9 10 11 12 post 
time (mlns) 
Overall Thermal Comfort for Subject C 
i 
&·~------------------------~ 
u 
L~\.--__ _____,.c=======--,--j ~ \.\..-... __  ../ '\ 
60 1 2 3 .. 5 6 7 8 8 10 11 12 post 
tine (mins) 
Overall Thermal Comfort for Subject D 
ro 1 2 :s "' s e 1 a 9 to 11 12 post 
time (mlns) 
Overall Thermal Comfort for Subject E 
········-·········------ ··········--····---········-
i.~~~~------~--------~=-~ ll ,
J •l----------\--1, 
1~--~~----------~~------~ 
"' 1 2 :s " s a 1 a e to 11 12 post 
lino (mins) 
Overall Thennal Comfort for Subject F 
s ~·~----------------------~ 
u 
t ~"~-------;:=====:;;;;;:l ~ \______ I , 
1 
601234511711 I 10 11 12 1)0$1 
tma(mins) 
Overall Thermal Comfort for Subject G 
. -
60 1 2 :s " s e 1 a e to ,, 12 post 
lino (mlns) 
Overall Thermal Comfort for Subject H 
.. -········--
60 1 2 3 4 5 11 7 8 11 10 11 12 post 
tme(nW!s) 
Figure 4.6 - Graphs show thermal comfort votes for 8 participants. (For Thermal 
Comfort- 1= Not Uncomfortable, 2= Slightly Uncomfortable, 3= Uncomfortable, 4= 
Very Uncomfortable). 
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Figure 4.7 - Graphs show thermal comfort votes for 8 participants. (For Thermal 
Comfort- 1= Not Uncomfortable, 2= Slightly Uncomfortable, 3= Uncomfortable, 4= 
Very Uncomfortable). 
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Mean Overall Thermal Comfort (n=16) 
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Figure 4.8 - Mean overall thermal comfort for subjects. 
T bl 4 5 Th a e - u rt f u 11 b. t t . . t d . th erma corn o ra mgs ora su ~ec sa six pom s unng t. e expenmen 
Sub.iect 60 mins 1 min 6min 7min 12 min post 
A 1 1.2 1.1 1.1 1.4 1.1 
B 1.1 1.1 1.2 1 1 1 
c 2.8 1.6 1.7 2.2 2.1 1.5 
D 3.2 2.5 1.7 2.2 2.9 2.8 
E 3 3.1 3 2.6 3 1 
F 2.5 1.5 1 1.8 1.9 1.6 
G 3 2.5 2.2 2.4 2.9 2.6 
H 3.5 3.2 2.9 3 3.4 2.7 
I 2 2 2 1 2 1 
J 2 1.3 1.2 1.8 1.9 1.6 
K 2.9 2.7 2.8 3 3 2.8 
L 2.5 1 1 1.9 1.4 1 
M 2 1 1 1.2 2.5 1 
N 2.1 1 1.4 1.5 1.2 1 
0 1.4 1.2 1.2 1.5 1.7 1.5 
p 3.2 1.3 1.2 1.9 2.8 1.8 
MEAN 2.3 1.7 1.6 1.8 2.1 1.6 
Standard Deviation 0.76 0.78 0.71 0.65 0.74 0.70 
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Table 4.6 - Spss output of Wilcoxon rank sum test 
twelveminsr - onemin- sixmins- sevenminsr - twelveminsr-
sixtyminsr sixtyminsr onemin sixmins sevenminsr post - onemin 
z -1.546 -3.049 -1.364 -1.850 -2.232 -.035 
Sig. (2-tailed) 
.122 .002 .173 .064 .026 .972 
4.3.5 Interpretation of results 
Figure 4.4 and Figure 4.8 are very similar in their shape showing distinct falls and rises 
depending on the amount of radiation experienced by the subject. A significant drop in 
thermal occurs when subjects are shielded from simulated solar radiation after 60 mins 
continuous exposure. When subjects are shielded for a further 5 mins no significant 
drop in thermal comfort occurs. This suggests there is no time delay in subjective 
response to a decrease in simulated solar radiation. This is further supported when 
statistical analysis of the one minute thermal comfort result and the post thermal 
comfort result are compared. Wilcoxon signed rank test showed no significant 
difference between the two thermal comfort ratings. When placed back in solar 
radiation on seven minutes there is not a significant difference when compared with the 
six minute rating, despite there being a significant increase in thermal sensation. A 
gradual rise in thermal discomfort from seven to twelve mins was shown to be 
significant indicating a more gradual effect of solar radiation on thermal discomfort. 
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4.3.6 Stickiness 
Subjective stickiness was recorded at six times during the experiment on a four point 
scale 
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Figure 4.9- Graphs show stickiness rating of 8 subjects over 60 minutes. (For 
Stickiness-!= Not Sticky, 2= Slightly Sticky, 3= Sticky, 4= Very Sticky) 
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Figure 4.10 - Graphs show stickiness rating of 8 subjects over 60 minutes. (For 
Stickiness- 1= Not Sticky, 2= Slightly Sticky, 3= Sticky, 4= Very Sticky) 
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Figure 4.11 -Mean Overall Stickiness votes for subjects. 
Table 4.7- Stickiness ratings for all subjects at six specific points during the 
experiment 
Sub.iect 60 mins 1 min 6min 7min 12 min 
A 1.1 1.2 1.2 1 1 
B 1.1 1.1 1.1 1.1 1.2 
c 2.8 2 1.9 1.8 2.2 
D 3.4 2.8 1.9 2.8 3 
E 3.2 3.3 2 2 2.8 
F 1.9 1.5 1.2 1.7 1.8 
G 2.9 2.5 1.6 2 2.4 
H 3.7 3.2 3 3 3.4 
I 2 1 1 1 2 
J 2 1.3 1.2 1.6 1.6 
K 2.9 2.6 2 2.7 3 
L 2.4 1.3 1 1.9 1.4 
M 2 1 1 1.4 2.4 
N 1.8 1.5 1.3 1.4 1.2 
0 1.2 1 1.3 1.2 1.6 
p 2.9 1.5 1.2 1.8 3 
MEAN 2.3 1.8 1.4 1.7 2.1 
Standard Deviation 0.81 0.81 0.54 0.62 0.76 
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1 
1 
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Table 4.8 - Wilcoxon signed rank test output of comparisons of stickiness ratings. 
onemin- twelveminsr- sixmins- sevenminsr- twelveminsr-
sixtyminsr sixtyminsr onemin sixmins sevenminsr post- onemin 
z -3.240 -1.890 -2.562 -2.440 -2.456 -1.541 
Sig. (2-tailed) .001 .059 .010 .015 .014 .123 
4.3. 7 Interpretation of results 
Results for subjective stickiness showed a similar trend to thermal comfort ratings. 
Again there were no significant differences between the twelve mins and sixty mins 
votes as well as the post and one minute ratings. Significant drops in stickiness votes 
were recorded when shielded immediately from radiation, and there was also a 
significant rise when immediately exposed to solar radiation. It was also observed that 
more gradual changes occurred between one minute and six minutes where a significant 
decrease occurred and also between seven mins and twelve mins where a small but 
significant rise in stickiness ratings occurred. 
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4.3.8 Preference 
Subjects rated their preference on a horizontal six point 
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Figure 4.12- Graphs show preference ratings of 8 subjects (For Preference- -3= Much 
Cooler, -2= Cooler, -1= Slightly Cooler, 0= No Change, 1= Slightly Warmer, 2= 
Warmer, 3= Much Warmer) 
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Figure 4.13 -Graphs show preference ratings of 8 subjects (For Preference- -3= Much 
Cooler, -2= Cooler, -1= Slightly Cooler, 0= No Change, 1= Slightly Warmer, 2= 
Warmer, 3= Much Warmer) 
83 
Mean Preference Votes 
Much Warmer 3 
Warmer 
Slightly Warmer 1 
No Change 
I / 
V Slightly Cooler -1 
Cooler -2 
Much Cooler -3 
60 10 11 12 pos1 
time (mins) 
Figure 4.14 -Mean preference votes for 16 subjects. 
4.3.9 Interpretation of results 
On reduction of solar radiation, subjects recorded a preference of No Change indicating 
a quite neutral environment. There was a small increase over the five minutes out of 
radiation but only of0.1 scale points. On being exposed to the radiation subjects almost 
immediately changed to Slightly Cooler and again stayed at this level before recording 
a preference close to No Change when finally withdrawn from the solar radiation. 
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4.3.10 Skin Temperature 
Due to technical errors with the squirrel data loggers some of the data for three of the 
participants failed to be fully recorded so have not been included in the final analysis of 
the physiological data. Subjects E, G and N physiological data has been removed 
leaving 13 subjects data. 
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Figure 4.15- Comparison ofMean Skin Temperatures for 8 subjects. 
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Figure 4.16- Comparison of Mean Skin Temperatures for 5 subjects 
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Figure 4.17- Mean of mean Skin Temperatures for all subjects (n=13). 
Table 4.9- Right side Skin Temperature end points for 13 subjects 
Subject 60 mins 1 min 6 min 7 min 12 min 
A 33.7 33.8 33.1 33.1 33.7 
B 32.9 32.9 32.4 32.3 32.7 
c 32.4 32.3 31.9 31.9 32.2 
D 32.5 32.5 31.8 32.1 32.3 
F 33.1 33.0 32.7 32.8 33.1 
H 34.1 33.7 33.5 33.8 34.2 
I 32.7 32.7 32.2 32.2 32.5 
J 33 .2 33.3 33.0 32.8 32.7 
K 32.2 32.3 32.2 32.4 32.6 
L 33.8 33.8 33.2 33.3 33.8 
M 32.5 32.6 32.8 32.6 32.8 
0 32.0 31.9 31.8 32.0 32.1 
p 33.7 33 .7 33.3 33.3 33.7 
MEAN 33.0 33.0 32.6 32.7 33.0 
Standard Deviation 0.6 0.6 0.5 0.5 0.6 
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Post 
33.5 
32.7 
32.2 
32.3 
33.1 
34.1 
32.5 
32.9 
32.5 
33.8 
33.0 
32.2 
33.6 
33.0 
0.6 
Table 4.10- Left side Skin Temperature end points for 13 subjects. 
Subject 60 mins 1 min 6 min 7min 12 min post 
A 34.7 34.7 34.2 34.2 34.9 34.8 
B 33.5 33.5 32.7 32.6 33.2 33.1 
c 34.1 33.8 33.1 33.0 33.6 33.6 
D 35.2 35.2 34.2 34.3 34.9 34.7 
F 34.1 34.0 33.3 33.5 34.0 34.0 
H 34.1 33.8 33.6 33.9 34.2 34.2 
I 33.8 33.8 33.0 32.9 33.7 33.5 
J 33.7 34.0 33.5 33.5 33.2 33.5 
K 33.3 33.4 32.6 32.9 33.4 32.8 
L 34.1 33.8 33.1 33.2 34.1 34.0 
M 33.8 33.9 33.3 33.4 34.1 34.1 
0 33.4 33.1 32.3 32.6 33.4 33.4 
p 34.0 33.9 33.4 33.4 34.0 34.0 
MEAN 34.0 33.9 33.3 33.3 33.9 33.8 
Standard Deviation 0.5 0.5 0.5 0.5 0.5 0.5 
Table 4.11 -Mean Skin Temperatures end points for 13 subjects 
Subject 60 mins 1 min 6 min 7 min 12 min post 
A 34.2 34.2 33.7 33.7 34.3 34.2 
B 33.2 33.2 32.6 32.5 32.9 32.9 
c 33.2 33.0 32.5 32.4 32.9 32.9 
D 33.9 33.8 33.0 33.2 33.6 33.5 
F 33.6 33.5 33.0 33.1 33.5 33.5 
H 34.0 33.7 33.5 33.8 34.2 34.1 
I 33.3 33.3 32.6 32.5 33.1 33.0 
J 33.4 33.6 33.2 33.2 33.0 33.2 
K 32.8 32.9 32.4 32.6 33.0 32.7 
L 33.9 33.8 33.2 33.3 33.9 33.9 
M 33.2 33.2 33.0 33.0 33.5 33.6 
0 32.7 32.5 32.1 32.3 32.8 32.8 
p 33.9 33.8 33.3 33.3 33.8 33.8 
MEAN 33.5 33.4 32.9 33.0 33.4 33.4 
Standard Deviation 0.4 0.4 0.4 0.4 0.5 0.5 
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Table 4.12- Paired Samples t-Test of Mean Skin temperature 
t df Sio. (2-tailed) 
Pair 1 sixtyminsr- onemin .969 12 .352 
Pair2 sixtyminsr - twelveminsr .788 12 .446 
Pair3 onemin - sixmins 9.735 12 .000 
Pair4 sixmins - sevenminsr -1.438 12 .176 
PairS sevenminsr- twelveminsr -7.432 12 .000 
Pair6 twelveminsr- post .842 12 .416 
Pair? onemin - post .592 12 .565 
4.3.11 Interpretation of results 
Mean skin temperature showed gradual changes over the experiment. When the 
subjects were shielded from radiation at the one minute point of the experiment there 
was not a significant drop in mean skin temperature. Mean skin temperature did fall 
significantly over the five minutes that followed, however when re-exposed to the solar 
radiation there was not an immediate effect on skin temperature. The significant 
increase was more gradual over the next five minutes to the twelve minute point of the 
experiment. Once again the subjects were removed from radiation but showed no 
significant changes in mean skin temperature. 
Right side mean skin temperature showed small variances in temperature over the 
experiment only decreasing by approximately 0.3°C in the middle of the experiment. 
Left side mean skin temperature showed a more pronounced decrease of approximately 
0. TC in the middle of the experiment. Both left and right mean skin temperatures 
showed gradual changes when shielded from radiation and also when placed back in 
radiation, there were no clear drops as was recorded with the subjective data. 
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4.4 Discussion 
4.4.1 Thermal Sensation 
Introducing simulated solar radiation to a subject has a significant impact on their 
thermal sensation. A significant increase occurs almost immediately (the length oftime 
it takes to mark the PMV scale) as was shown by the significant increase in AMV 
between the six and seven minutes points of the experiment. It appears though that this 
increase, though immediate, is not the maximum thermal sensation experienced, as 
further increases were recorded between the seven minute and twelve minute point of 
the experiment. The AMV at twelve minutes was significantly lower than the sixty 
minute points (the sixty minute point was the end of the first experiment but the 
beginning of the second experiment). This suggests that there is an exposure time factor 
that needs to be further investigated. This time factor may have an impact on the use of 
the PMV solar model (Hodder and Parsons, 200 I). The model was accurate in 
predicting the thermal sensation at the twelve minute point of the experiment and was 
only 0.1 scale points out and only 0.6 out for the prediction of the AMV at seven 
minutes. 
Shielding subjects from simulated solar radiation had a significant effect in decreasing 
the AMV. This was shown by the significant effect in removal of radiation after one 
hour exposure. Subjects thermal sensation dropped 1.3 scale points almost immediately 
and only reduced a further 0.4 scale points over the next five minutes. A similar 
immediate drop was also recorded in the post questionnaire. Further statistical analysis 
showed that the post AMV was not significantly different from the one minute or six 
minutes AMV. 
Practically this would suggest that when a radiation source is shielded from a p~rson 
they immediately return to a normal level of sensation as experienced within that 
environment. However when a person is immediately exposed to solar radiation this 
will show an immediate increases in thermal sensation that may cause further increases 
if they remain exposed to the radiation. 
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4.4.2 Thermal Comfort 
Removal from solar radiation had a significant effect on thermal comfort. Thermal 
comfort dropped immediately by 0.6 scale points on the four point scale. No significant 
change occurred during the next five minutes of the experiment out of radiation. This 
suggests that subjects immediately go back to the thermal comfort state as governed by 
the environmental conditions at the time, it appears the radiation had no lasting effects. 
The post discomfort rating was not significantly different from the one and six minute 
results, further suggesting an immediate drop to a normal thermal comfort vote for that 
environment. 
Introduction to the radiation did not have an immediate significant effect. An increase 
of only 0.2 scale points was recorded between the six and seven minute questionnaires, 
which was shown to be not significant (p>0.05). By the twelve minute point of the 
experiment thermal comfort had returned to similar levels at sixty minutes, there was 
no significant difference between discomfort scores at sixty and twelve minutes. 
Thermal comfort showed similar changes to the variance in radiation as thermal 
sensation did. It showed that shielding the simulated solar radiation caused immediate 
effects and no significant time effects need to be accounted for. When exposed to 
radiation thermal discomfort may not be immediately increased, however within five 
minutes will have increased significantly and appears to stay at this level of discomfort, 
as was shown in the similar thermal comfort votes at sixty minutes and twelve minutes. 
4.4.3 Stickiness 
The introduction of solar radiation immediately caused Stickiness ratings to 
significantly rise by 0.3 scale points. As with thermal comfort results, stickiness ratings 
continued to rise over the five minutes of exposure to just over Slightly Sticky. This 
was around the same point as recorded after 60 minutes exposure, suggesting that 
Stickiness will stay the same even with further exposure. 
When shielded from radiation after 60 minutes exposure Stickiness significantly 
dropped by half a scale point. Unlike with the thermal comfort votes this continued to 
fall by a significant amount to just over Not Sticky. 
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There are immediate effects in being exposed to or shielded from solar radiation. 
However there is also a gradual increase over time in the feelings of stickiness. When 
exposed to radiation it appears that subjects will experience increased stickiness for a 
certain period of time. When shielded subjects will experience an immediate reduction 
in Stickiness and will experience a further gradual reduction in stickiness over a certain 
period oftime. 
4.4.4 Skin Temperature 
From figure 4.17 (comparison of mean skin temperatures, tsk) the changes in mean skin 
temperature are more gradual than the changes in subjective measures. There were no 
immediate significant changes to mean skin temperature when the level of radiation 
was immediately altered. There were slightly greater changes between shielding and 
exposure to the left side mean skin temperature than the right side mean skin 
temperatures, however these changes were less than a degree and never rose above 
34·c. 
The only significant changes in mean skin temperature occurred between the six and 
seven minute points and the seven and twelve minute points of the experiment. This 
highlighted the fact that only gradual changes occur when exposed or shielded from 
solar radiation. 
When first shielded from radiation after sixty minutes exposure no significant changes 
occurred, however mean skin temperature did fall between six minutes and seven 
minutes by O.s·c, and was significant (p<0.05). When re-exposed no significant 
increases occurred immediately, but over the five minutes of exposure mean skin 
temperature rose significantly by 0.4·c. 
Exposure to solar radiation has no immediate effect on mean skin temperature but will 
significantly increase mean skin temperature over a sustained period of time and may 
reach a steady state after as little as five minutes. This was concluded after comparisons 
of mean skin temperature after sixty minutes exposure and at the twelve minute point of 
the experiment (p>0.05). Being shielded from solar radiation also has no immediate 
effect but is also affected by time. The amount of time it takes to reduce to the level for 
the given environment is unclear from this experiment as mean skin temperature 
appeared to be still decreasing when re-exposure occurred. 
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The responses of mean skin temperature to changes in simulated solar radiation levels 
are 'slower' than subjective responses. This can be expected as a physiological 
thermoregulatory response (e.g. change in blood flow) will take longer than . a 
perceptual response (reaction of sensors in the skin and psychological interpretation). 
4.5 Conclusion 
• When a person is shielded from a radiation source they immediately return to a 
normal level of thermal sensation as experienced within that environment. 
• When a person is immediately exposed to solar radiation this will show an 
immediate increases in thermal sensation that may cause further increases if 
they remain exposed to the radiation. 
• Shielding solar radiation has immediate effects on reducing thermal discomfort; 
it appears the reduction in radiation had no lasting effects and no time delay. 
• When exposed to radiation thermal discomfort may not be immediately 
increased, however within five minutes will have increased significantly and 
appears to stay at this level of discomfort. 
• When shielded from radiation a person will experience an immediate reduction 
in Stickiness and will experience a further gradual reduction in stickiness over a 
certain period of time. 
• When exposed to radiation a person will experience increased stickiness 
immediately and will continue to feel more Sticky if they remain exposed. 
• Exposure to solar radiation has no immediate effect on mean skin temperature 
but will significantly increase mean skin temperature over a sustained period of 
time and may reach a steady state after as little as five minutes 
• Being shielded from solar radiation has no immediate effect on mean skin 
temperature but is also affected by time. The amount of time it takes to reduce 
to the level for the given environment is unclear from this experiment. 
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Thermal Comfort of Railway Passengers 
Part 3: Field Trials: Validation of PMV solar Model. 
Chapter 5 : Field Trial 1 
Chapter 6 : Field Trial 2 
Chapter 7 : Discussion and Future Reaearch 
Chapter 8 : Designing for Thermal Comfort in Rail Carriages 
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Chapter 5: Field Triall 
5.1 Introduction 
The PMV solar Model was first developed by Hodder and Parsons (200 1) using 
data from a series of laboratory experiments and field studies in cars. Experiments 1 
and 2 of this thesis were both laboratory based to learn not only the effects of extended 
exposure and transient conditions but also to investigate the use of this model in 
extended exposure and transient conditions. With the findings from the laboratory 
experiments we can make informed conclusions about the working of the model. These 
need to be further investigated and validated in the 'real world' in order to make 
practical suggestions/improvements. 
Hodder (2002) reported on the lack of literature on field trials and vehicles and 
m particular with human subjects. Many field trials are performed using thermal 
manikins as a source of data and not subjective measures of human thermal comfort 
(Madsen, 1992). Most literature relating to field experiments are with respect to thermal 
environments and buildings (Wang, 2006, Spagnolo and de Dear, 2003). Other areas of 
research use field based experiments for more practical and valid conclusions, for 
example in the fields of noise and vibration and lighting (Juslen et al, 2006). Hodder 
(2002) also reports that the lack of field trials in vehicles is largely due to research 
being conducted for commercial reasons, so results are very seldom published. Many 
research consultants are also employed by the ministry of defense for field based 
experiments, however confidentiality and public security limit publication. 
Hodder and Parsons' PMV solar Model has previously been validated by the authors, 
using field trials. A number of experiments were conducted in Seville, Spain into the 
effect of solar radiation on passenger thermal comfort. These trials were conducted in 
reference to cars and looked into the effects such as the spectral content of the glazing 
on thermal comfort. The PMV solar Model has been further validated in other 
laboratory based experiments (Vaughan et al, 2004) and including the work in this 
thesis. This has related to the use of the PMV solar Model as an application in passenger 
thermal comfort on trains. There is no published work on the validation of the model on 
train carriages. There have been previous field based studies performed by Underwood 
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and Parsons in 2005, and many of the techniques used in the following trials have been 
adapted from these first trials. The field trials follow a similar procedure to the 
laboratory experiments particularly in the subjective data recorded, and only small 
changes to the environmental measuring procedures. 
The aims of the Field Trails were to test the validity of the PMV solar Model in 
practical situations aboard Midland Mainline Carriages on a Journey from 
Loughborough to London. The trials also aim to evaluate whether PMV or PMV solar 
are more accurate in predicting thermal sensation in a practical situation. 
5.1.2 Experimental Route 
Figure 5.1 - Experimental route used in Field Trial investigations. 
The trial involved traveling on a Midland Mainline Service between Loughborough 
and London St Pancras. This route was chosen due to the convenience for experimenter 
and participants and also the length of time of the route and the number of stops. A 
single journey lasted approximately 75 minutes, with minimal stops (on average 3 stops 
per journey) although the return journey trial was halted slightly early in order to get 
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participants and equipment off the train in time. Midland Mainline were contacted 
before the field trials to gain permission and co-operated fully with the experiments. 
Subjects were placed in Standard carriages and on arrival in London had approximately 
40 minutes before beginning the return journey. 
5.2 Methodology 
Research conducted during two field trials largely used the same methodologies as in 
the laboratory experiments with a few changes to the equipment used to assess the 
thermal environment within a specific train carriage. Subjects wore the same clothing 
ensemble for the field trials, the same environmental and subjective data were recorded 
during the train journey, however it was not practical for Objective measures (skin 
temperature) to be recorded within this environment. 
5.2.1 Subjects 
8 subjects were recruited from Loughborough University for the first field Trial. 
Subjects were required to attend the laboratory before the trial in order to be fitted with 
experimental clothing (0. 7 clo) as in the laboratory experiments, and answer a Health 
screening questionnaire. Subjects were shown copies of the subjective questionnaire 
and given instructions on how to answer the sections. It was explained that subjects 
could withdraw from the experiment at anytime and were shown the experimental route 
taken. All subjects were paid for participating in the trial and instructed that they were 
not permitted to eat or drink during the trial. Provisions were provided on arrival at 
London St. Pancras but subjects were not permitted to bring any food or drink on the 
return journey. 
5.2.2 Environmental Measures 
Air Temperature, Radiant temperature, Humidity and Air velocity were all recorded as 
in the laboratory experiments. Thermistors were mounted on metal stands with the 
Black Globes to record air temperature and radiant temperature. All thermistors were 
calibrated to 0.1 OC of the target temperature using the same procedure as in Chapter 2. 
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As in the test facility thermistors were wrapped in aluminium foil to gain an accurate 
mean air temperature. The mobile stands were then placed on tables in front of the 
subjects to record the relevant environmental data on Squirrel data loggers every ten 
seconds. Air velocity was measured at two points in front of the subjects; at chest 
height and at their feet in order to gain a mean air velocity (v). Humidity was recorded 
in much the same way as the laboratory experiments, the hygrometer was positioned on 
a table in front of the participants and recorded every 5 minutes. 
Solar Radiation was measured at a position in front of each participant on a horizontal 
plane using a Skye pyranometer SPIll 0 and recorded every 5 minutes. The 
pyranometer was verified before the field trial using the laboratory lights positioned to 
radiate 400Wm-2. 
5.2.3 Subjective Measures 
Thermal sensation, Thermal Comfort, Stickiness, preference and acceptability were all 
recorded on the same questionnaires as used in the laboratory based experiments .. 
Subjects were required to complete a questionnaire every 5 minutes for the duration of 
the train journey. 
5.2.4 Procedure 
Before each field trial, tickets were reserved on a regular train from Loughborough to 
London St. Pancras. All seats reserved were specifically Table Seats so as to 
accommodate all experimental apparatus. Subjects were required to attend the 
laboratory before each field trial to be fitted into the standard clothing ensemble (0.7 
clo) and be familiarized with the subjective questionnaire. Subjects were then taken to 
catch a return train from Loughborough to London St. Pancras. 
Once in the train carriage the Environmental Measuring equipment was positioned in 
front of the participants and the test began. Subjects were required to answer a 
questionnaire every 5 minutes throughout the journey to and from London. On arrival 
in London subjects had approximately forty minutes before starting the return journey. 
Where the experimental procedure was repeated. 
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Figure 5.2 - Subjects on train is standard clothing performing field trial. With 
environmental equipment in place. 
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5.3 Results 
Weather report: A vg. Temp. = 15.3°C, Humidity = 40%, A vg. Wind= 1.4kph (ENE), 
Rain fall= 16.1 mm, Description= Overcast with showers. 
5.3.1 Environmental Results 
Outward Journey: 
Table 5.2- Summary of Environmental data and AMV for Participants 1 to 4. 
Loughborough- London 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 
Participant 1 
taCC) 21.6 23 .1 22.9 22.7 23.4 22.2 23 .2 22.5 22.3 23 .0 23.5 23 .3 23.8 23 .5 22.0 
tr CC) 25.9 24.3 24.1 24.9 25.4 24.9 24.5 24.9 24.7 24.4 25 .0 24.9 25.5 26.0 27.2 
Mean v (ms) 0.11 0.13 0.16 0.15 0.14 0.15 0.17 0.16 0.15 0.17 0.19 0.17 0.14 0.12 0.1 
rh(%) 41.4 41.4 49.1 49.1 46.8 46.8 49.4 49.4 48.6 48.6 51.5 51.5 47.3 47.3 50.5 
Solar radiation 0.05 0.85 0.65 0.05 0.85 0.1 0.65 0.1 0.1 0.7 0.05 0.1 0.35 0.9 0.65 
PMY -0.2 -0.2 -0.3 -0.2 0 -0.3 -0.2 -0.3 -0.3 -0.3 -0.1 -0.1 0.1 0.1 0.2 
PPD 5.6 6 6.8 6 5 7 5.9 6.4 7.1 6.5 5.3 5.4 5.1 5.4 5.5 
PMVsolar -0.2 0.5 0.2 -0.2 0.7 -0.2 0 .3 -0.2 -0 .2 0 .3 -0. 1 0.7 0.4 0.9 0.7 
AMY 0.7 1.1 0.9 0.8 1.9 2 0 .9 1.5 I I I 0.6 1.1 I 1.1 
Participant 2 
ta CC) 21.6 23 .1 22.9 22.7 23.4 22.2 23.2 22.5 22.3 23.0 23.5 23.3 23 .8 23.5 22.0 
trCC) 25.9 24.3 24.1 24.9 25.4 24.9 24.5 24.9 24.7 24.4 25.0 24.9 25.5 26.0 27.2 
Mean v (ms) 0.1 I 0.13 0.16 0.15 0.14 0.15 0. 17 0.16 0.15 0.17 0.19 0.17 0 .14 0 .12 0. 1 
rh(%) 41.4 41.4 49.1 49.1 46.8 46.8 49.4 49.4 48.6 48 .6 51.5 51.5 47.3 47.3 50.5 
Solar radiation 0.05 0 .85 0.65 0.05 0.85 0.1 0.65 0.1 0.1 0 .7 0.05 0.1 0.35 0.9 0 .65 
PMY -0.2 -0.2 -0.3 -0.2 0 -0.3 -0.2 -0.3 -0 .3 -0.3 -0.1 -0 .1 0 .1 0.1 0.2 
PPD 5.6 6 6.8 6 5 7 5.9 6.4 7.1 6.5 5.3 5.4 5.1 5.4 5.5 
PMYsolar -0.2 0.5 0.2 -0 .2 0.7 -0.2 0 .3 -0.2 -0.2 0.3 -0. 1 0.7 0.4 0.9 0 .7 
AMV -0.2 -I -0.6 0 -I 0 -1.2 -1.2 -0.2 -0.5 -0.2 0 -0.4 -0.9 0 
Participant 3 
ta CC) 21.6 231 22.9 22.7 23.4 22.2 23.2 22.5 22.3 23 .0 23.5 23 .3 23 .8 23 .5 22 .0 
tr("C) 25 .9 24.3 24.1 24.9 25.4 24.9 24.5 24.9 24.7 24.4 25 .0 24.9 25.5 26.0 27.2 
Mean v (ms) 0.11 0 .13 0.16 0.15 0.14 0.15 0. 17 0.16 0.15 0.17 0.19 0.17 0.14 0.12 0.1 
rh(%) 41.4 41.4 49.1 49.1 46.8 46.8 49.4 49.4 48.6 48.6 51.5 51.5 47.3 47.3 50.5 
Solar radiation 0.05 0.85 0.65 0 .05 0.85 0.1 0.65 0.1 0.1 0.7 0.05 0.1 0.35 0.9 0.65 
PMV -0.2 -0.2 -0.3 -0.2 0 -0.3 -0.2 -0.3 -0.3 -0.3 -0.1 -0.1 0. 1 0.1 0.2 
PPD 5.6 6 6.8 6 5 7 5.9 6.4 7.1 6.5 5.3 5.4 5.1 5.4 5.5 
PMYsolar -0.2 0.5 0.2 -0 .2 0.7 -0.2 0.3 -0.2 -0.2 0.3 -0.1 0.7 0.4 0.9 0.7 
AMY 0.4 2.2 2 2 2 2 0 2.1 -I 0 0 2.2 0.1 2 I 
Participant 4 
ta CC) 21.6 23 .1 22.9 22.7 23.4 22.2 23.2 22.5 22.3 23 .0 23.5 23.3 23 .8 23 .5 22.0 
tr CC) 25.9 24.3 24.1 24 .9 25.4 24.9 24.5 24.9 24.7 24.4 25 .0 24.9 25 .5 26.0 27.2 
Mean v (ms) 0.1 I 0.13 0.16 0.15 0.14 0.15 0 .17 0.16 0.15 0.17 0.19 0.17 0.14 0.12 0.1 
rh(%) 41.4 41.4 49. !' 49.1 46.8 46.8 49.4 49.4 48.6 48.6 51.5 5 1.5 47.3 47.3 50.5 
Solar radiation 0.05 0.85 0.65 0.05 0.85 0.1 0.65 0.1 0.1 0.7 0.05 0 .1 0.35 0.9 0.65 
PMY -0.2 -0.2 -0.3 -0 .2 0 -0.3 -0.2 -0.3 -0 .3 -0.3 -0.1 -0.1 0.1 0.1 0.2 
PPD 5.6 6 6.8 6 5 7 5 .9 6.4 7.1 6.5 5.3 5.4 5.1 5.4 5.5 
PMYsolar -0 .2 0.5 0.2 -0.2 0.7 -0 .2 0.3 -0.2 -0.2 0.3 -0.1 0.7 0.4 0.9 0.7 
AMY I 1.1 I 0 0.6 I 0 0.8 1.2 0.9 1.2 1.2 1.5 1.2 1.3 
- Solar radiation recorded in mV and converted to Wm-2 for PMV to PMVsolar 
predictions, see appendix C. e.g. 0.52mV = 100 Wm-2. 
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Table 5.3 - Summary of Environmental data and AMV for Participants 5 to 8. 
Loughborough- London 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 
Participant 5 
ta("C) 2 1. 8 22.7 22.7 22.1 22.9 22.8 22.9 22.3 22.4 22.9 22.9 23 .0 23 .3 23.2 22.4 
tr ('C) 26.9 24.0 23.4 23 .5 23.7 23.7 23.4 23.6 23 .6 23 .5 23.6 23 .7 23 .8 24.1 24.7 
Mean v (ms) 0.11 0.11 0.16 0.16 0.14 0.14 0 .17 0.17 0.15 0.15 0.19 0.19 0.14 0.14 0.1 
rh(%) 4 1.4 4 1.4 49.1 49.1 64.8 46.8 49.4 49.4 48.6 48.6 5 1.5 5 1.5 47.3 47.3 50.5 
Solar radiation 0.05 0.05 0.65 0.65 0.85 0.85 0.55 0.55 0.1 0.1 0. 1 0.1 0.35 0.35 0.5 
PMV 0 -0.3 -0.4 -0.5 -0.3 -0.5 -0.4 -0.5 -0.4 -0.4 -0.4 -0.4 -0.2 -0 .2 -0.1 
PPD 5 6.3 8.7 10.4 7.3 10.2 8.4 9.9 9 7.8 8.3 8 6. 1 6 5.2 
PMVsolar 0 -0 .3 0.1 0 0.4 0.2 0 .1 0 -0.3 -0.3 -0.3 -0.3 0.1 0.1 0.3 
AMY 1.5 0.2 0.1 0 -0.3 -0.2 -0.6 0 -0 .1 0.5 0 0.2 -0 .2 0.2 0.1 
Participant 6 
ta("C) 21.8 22.7 22.7 22.1 22.9 22.8 22.9 22.3 22.4 22.9 22 .9 23 .0 23.3 23.2 22.4 
tr("C) 26.9 24.0 23.4 23 .5 23 .7 23 .7 23.4 23 .6 23 .6 23 .5 23.6 23 .7 23.8 24. 1 24.7 
Mean v (ms) 0.11 0.11 0.16 0.16 0.14 0. 14 0 .17 0.17 0.15 0.15 0.19 0.19 0.14 0 .14 0.1 
rh(%) 41.4 41.4 49.1 49.1 64.8 46.8 49.4 49.4 48.6 48.6 51.5 5 1.5 47.3 47.3 50.5 
Solar radiation 0.05 0.05 0.65 0.65 0.85 0.85 0.55 0.55 0. 1 0. 1 0.1 0.1 0.35 0.35 0.5 
PMV 0 -0.3 -0.4 -0 .5 -0 .3 -0.5 -0.4 -0 .5 -0.4 -0.4 -0.4 -0.4 -0.2 -0.2 -0.1 
PPD 5 6.3 8.7 10.4 7.3 10.2 8.4 9.9 9 7.8 8.3 8 6.1 6 5.2 
PMYsolar 0 -0.3 0.1 0 0.4 0.2 0 .1 0 -0.3 -0.3 -0.3 -0.3 0.1 0.1 0.3 
AMY 1.3 0 0 0 -0.4 -0.6 - 1.5 -1.1 -I -I - 1.2 -0.4 - I. I -0.2 -0 .9 
Participant 7 
ta("C) 21.8 22.7 22.7 22.1 22.9 22.8 22.9 22.3 22.4 22.9 22.9 230 23.3 23.2 22.4 
tr("C) 26.9 24.0 23.4 23 .5 23.7 23 .7 23.4 23 .6 23 .6 23 .5 23 .6 23.7 23 .8 24.1 24.7 
Mean v (ms) 0. 11 0. 11 0.16 0.16 0. 14 0.14 0 .17 0.17 0.15 0. 15 0.19 0.19 0.14 0.14 0.1 
rh(%) 4 1.4 4 1.4 49.1 49.1 64.8 46.8 49.4 49.4 48.6 48.6 5 1.5 51.5 47.3 47.3 50.5 
Solar radiation 0.05 0.05 0.65 0.65 0.85 0.85 0 .55 0.55 0.1 0.1 0 .1 0.1 0.35 0.35 0.5 
PMV 0 -0.3 -0.4 -0.5 -0.3 -0.5 -0.4 -0.5 -0.4 -0.4 -0.4 -0.4 -0.2 -0.2 -0.1 
PPD 5 6.3 8.7 10.4 7.3 10.2 8.4 9.9 9 7.8 8.3 8 6.1 6 5.2 
PMYsolar 0 -0.3 0.1 0 0.4 0.2 0 .1 0 -0.3 -0.3 -0.3 -0.3 0. 1 0.1 0.3 
AMY 0.3 0.5 0.4 0.1 0.4 0.7 0 .8 0.4 0.2 0.5 I 1.2 0.9 -0.1 0 
Participant 8 
ta("C) 21.8 22.7 22.7 22.1 22.9 22.8 22.9 22.3 22.4 22.9 22.9 230 23.3 23.2 22.4 
tr("C) 26.9 24.0 23.4 23.5 23 .7 23.7 23.4 23.6 23 .6 23 .5 23 .6 23 .7 23 .8 24.1 24.7 
Mean v (ms) 0 .11 0.11 0. 16 0.16 0.14 0.14 0.17 0.17 0 .15 0.15 0 .19 0.19 0.14 0.14 0.1 
rh (%) 4 1.4 41 .4 49.1 49.1 64.8 46.8 49.4 49.4 48.6 48.6 5 1.5 51.5 47.3 47.3 50.5 
Solar radiation 0.05 0.05 0.65 0.65 0.85 0.85 0 .55 0.55 0 .1 0.1 0.1 0.1 0.35 0.35 0.5 
PMY 0 -0.3 -0.4 -0 .5 -0 .3 -0.5 -0.4 -0.5 -0.4 -0.4 -0.4 -0.4 -0.2 -0.2 -0.1 
PPD 5 6.3 8.7 10.4 7.3 10.2 8.4 9.9 9 7.8 8.3 8 6. 1 6 5.2 
PMYsolar 0 -0.3 0.1 0 0.4 0.2 0. 1 0 -0.3 -0.3 -0.3 -0.3 0. 1 0. 1 0.3 
AMY 0.9 0 0.2 0 0 0 0.1 0 -0.2 -0.5 -0.8 - I -0.3 - I -I 
Direction of travel 
Figure 5.3- Plan view of seating arrangement inside carriage. 
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5.3.2 Interpretation of results 
Each subject experienced different environmental conditions, due to their position 
within the train carriage. This was affected by being in an aisle or window seat and was 
also affected by the external conditions. Air temperature and Radiant temperature were 
largely very stable on the outward journey to London. Fluctuations in Mean air velocity 
were recorded and was reported by the subjects, it would appear this was due to the air 
conditioning coming on and off during the journey, it would appear that subjects in the 
aisle seats were more affected by this, and is taken into account when the PMV is 
calculated. The major changes in the environment were the fluctuations in solar energy 
experienced by individuals, this was affected by the external environmental conditions, 
the orientation of the carriage to the sun and also the position of the participant. It is 
important to note however the low levels of solar radiation (below 200 to Wm-2) that 
were recorded and experienced by the subjects, even those in window seats. The 
weather on the day of the trial was very overcast and at times raining. Due to the nature 
of the trial each subjects data was treated as separate and individual in that given time 
and space, allowing multiple comparisons of AMY, PMV and PMV solar Model. 
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Inward Journey: 
Table 5.4 - Summary of Environmental data and AMV for Participants 1 to 4 (Solar 
Radiation recorded by Pyranometer and recorded in millivolts) 
London -Loughborough 
0 5 10 15 20 25 30 35 40 45 50 55 60 
Participant 1 
ta("C) 22.6 24.9 25 .1 24.0 24.1 24.2 23 .6 24 23 .1 23.3 24.1 24.1 23 .3 
trCC) 25.2 25.7 29.8 30.9 31.4 31.9 27.9 28.2 29.2 28.4 31.4 33 .1 33.4 
Mean v (ms) 0.21 0.17 0.13 0.15 0 .12 0 .13 0.15 0.17 0.18 0.16 0.14 0.12 0.11 
rh(%) 46.8 46.3 45.8 46 47.9 44.8 43.7 41.7 41.3 43 .7 45.3 44.0 43.3 
Solar radiation 0.05 0.05 0.6 0.6 0.7 0.6 0.6 0 .1 0.7 0.6 0 .75 0.6 0.6 
PMV -0.4 0.2 0.8 0.9 0.9 I 0.3 0.3 0.3 0.3 0.9 1.2 1.1 
PPD 7.7 5.8 20.2 21.4 23 .9 24.6 6.5 7.2 6.3 6.7 20.8 33.4 32.1 
PMVsolar -0.4 0.2 1.3 1.4 1.5 1.5 0.8 0.4 0 .9 0.8 1.5 17 1.6 
AMY 0.4 0 0.2 0 0 .6 0.2 0 0.5 I I I 1.1 I 
Participant 2 
ta ("C) 22.6 24.9 25 .1 24.0 24.1 24.2 23 .6 24 23.1 23.3 24.1 24.1 23 .3 
trCC) 25.2 25 .7 29.8 30.9 31.4 31.9 27.9 28.2 29.2 28.4 3 1.4 33. 1 33 .4 
Mean v (ms) 0.21 0.17 0.13 0.15 0.12 0 .13 0.15 0.17 0.18 0.16 0.14 0.12 0.11 
rh(%) 46.8 46.3 45 .8 46 47.9 44.8 43 .7 41.7 41.3 43 .7 45 .3 44.0 43.3 
Solar radiation 0.05 0.05 0.6 0.6 0.7 0 .6 0.6 0.1 0.7 0.6 0.75 0.6 0.6 
PMV -0.4 0.2 0.8 0.9 0.9 I 0.3 0.3 0.3 0.3 0.9 1.2 1.1 
PPD 7.7 5.8 20.2 21.4 23 .9 24.6 6.5 7.2 6.3 6.7 20.8 33.4 32.1 
PMVsolar -0.4 0.2 1.3 1.4 1.5 1.5 0.8 0.4 0.9 0.8 1.5 17 1.6 
AMY -1.2 -0.4 0.9 0.8 0.3 0.5 0.4 0.4 0.3 0.8 0.4 0.5 0.4 
Participant 3 
ta("C) 22.6 24.9 25 .1 24.0 24.1 24.2 23 .6 24 23 .1 23.3 24.1 24.1 23 .3 
tr CC) 25.2 25.7 29.8 30.9 31.4 31.9 27.9 28.2 29.2 28.4 31.4 33 .1 33.4 
Mean v (ms) 0.2 1 0.17 0.13 0.15 0.12 0.13 0.15 0.17 0.18 0.16 0. 14 0.12 0.11 
rh(%) 46.8 46.3 45.8 46 47.9 44.8 43 .7 41.7 41.3 43.7 45.3 44.0 43.3 
Solar radiation 0.05 0.05 0.6 0.6 0.7 0.6 0.6 0. 1 0.7 0.6 0.75 0.6 0.6 
PMV -0.4 0.2 0.8 0.9 0.9 I 0.3 0.3 0.3 0.3 0 .9 1.2 1.1 
PPD 7.7 5.8 20.2 21.4 23 .9 24.6 6.5 7.2 6.3 6.7 20.8 33.4 32.1 
PMVsolar -0.4 0.2 1.3 1.4 1.5 1.5 0.8 0.4 0.9 0.8 1.5 17 1.6 
AMY 0.2 I 0.2 0 0 I 0 0.2 0 1.1 I 0 0 
Participant 4 
taCC) 22.6 24.9 25.1 24.0 24.1 24.2 23 .6 24 23 .1 23.3 24.1 24.1 23.3 
trCC) 25.2 25 .7 29.8 30.9 31.4 31.9 27.9 28.2 29.2 28.4 31.4 33.1 33.4 
Mean v (ms) 0.21 0.17 0. 13 0.15 0. 12 0 .13 0.15 0.17 0.18 0.16 0.14 0.12 0. 11 
rh(%) 46.8 46.3 45.8 46 47.9 44.8 43 .7 41.7 41.3 43 .7 45.3 44.0 43 .3 
Solar radiation 0.05 0.05 0.6 0.6 0.7 0.6 0.6 0.1 0.7 0.6 0.75 0.6 0.6 
PMV -0.4 0.2 0.8 0.9 0.9 I 0.3 0.3 0.3 0.3 0.9 1.2 1.1 
PPD 7.7 5.8 20.2 2 1.4 23 .9 24.6 6.5 7.2 6.3 6.7 20.8 33.4 32.1 
PMVsolar -0.4 0.2 1.3 1.4 1.5 1.5 0.8 0.4 0.9 0.8 1.5 1.7 1.6 
AMY 0 1.2 0.9 1.2 1.8 1.4 2 2.1 2.2 2.2 2.3 2.3 2.1 
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Table 5.5 - Summary of Environmental data and AMY for Participants 5 to 8. 
London - Loughborough 
0 5 10 15 20 25 30 35 40 45 50 55 60 
Participant 5 
ta ("C) 22.5 24.4 23 .6 22.7 23 . 1 22.4 22.0 22.6 21.1 216 23 . 1 21.9 21.3 
tr("C) 23.3 23.0 24.3 24.4 23 .1 24.2 23.2 23 .0 22.9 22.2 21.8 23 .6 23.5 
Mean v (ms) 0.2 1 0.17 0. 13 0 .15 0.12 0 .13 0.15 0.17 0.18 0.16 0.14 0.12 0.11 
rh (%) 46.8 46.3 45.8 46.0 47.9 44.8 43 .7 41.7 41.3 43.7 45.3 44.0 43.3 
Solar radiation 0.05 0.55 0.05 0 .1 0.05 0 .05 0.1 0.05 0.65 0.75 0.6 0.65 0.7 
PMV -0.6 -0.2 -0.1 -0.2 -0.3 -0.3 -0.6 -0.6 -0.9 -0.8 -0.5 -0.4 -0.5 
PPD 12.7 6.1 5.3 5.8 6.9 6.9 12.1 11 .5 20.9 17.8 11 9 10.3 
PMVsolar -0.6 0.2 -0.1 -0.1 -0.3 -0.3 -0.5 -0.6 -0.3 -0.1 0 0.1 0.1 
AMY -0.9 0 -0.2 0 -0.5 0 0 0.1 -0.5 -0.2 0 -0.1 -0.2 
Participant 6 
ta ("C) 22.5 24.4 23 .6 22.7 23 .1 22.4 22.0 22.6 2 1.1 21.6 23. 1 21.9 21.3 
tr ("C) 23 .3 23 .0 24.3 24.4 23 .1 24.2 23.2 23 .0 22.9 22.2 21.8 23 .6 23 .5 
Mean v (ms) 0.2 1 0.17 0. 13 0 .15 0.12 0 .13 0.15 0.17 0.18 0.16 0.14 0.12 0.11 
rh(%) 46.8 46.3 45.8 46.0 47.9 44.8 43 .7 41.7 41.3 43 .7 45.3 44.0 43.3 
Solar radiation 0.05 0.55 0.05 0 .1 0.05 0 .05 0.1 0.05 0.65 0.75 0.6 0 .65 0.7 
PMV -0.6 -0.2 -0.1 -0.2 -0.3 -0.3 -0.6 -0.6 -0 .9 -0.8 -0.5 -0.4 -0.5 
PPD 12.7 6.1 5.3 5.8 6.9 6 .9 12.1 11 .5 20.9 17.8 11 9 10.3 
PMVsolar -0.6 0.2 -0.1 -0.1 -0.3 -0.3 -0.5 -0.6 -0.3 -0.1 0 0.1 0.1 
AMY I 0.1 0.2 -0.3 -0.6 -0.4 -0.7 -1.2 -0 .9 -0.6 -0.5 - 1.1 -0.8 
Participant 7 
ta("C) 22.5 24.4 23.6 22.7 23 . 1 22.4 22.0 22.6 21.1 21.6 23 .1 2 1.9 21.3 
tr ("C) 23.3 23 .0 24.3 24.4 23 . 1 24.2 23.2 23 .0 22.9 22.2 2 1.8 23 .6 23.5 
Mean v (ms) 0.2 1 0.17 0. 13 0 .15 0.12 0 .13 0 .15 0. 17 0.18 0.16 0. 14 0.12 0.11 
rh(%) 46.8 46.3 45.8 46.0 47.9 44.8 43.7 4 1.7 41.3 43 .7 45.3 44.0 43.3 
Solar radiation 0.05 0.55 0.05 0 .1 0.05 0 .05 0. 1 0.05 0.65 0.75 0.6 0.65 0.7 
PMV -0.6 -0.2 -0.1 -0.2 -0.3 -0.3 -0.6 -0.6 -0.9 -0.8 -0.5 -0.4 -0.5 
PPD 12.7 6.1 5.3 5.8 6.9 6.9 12.1 11 .5 20.9 17.8 11 9 10.3 
PMVsolar -0.6 0.2 -0.1 -0.1 -0.3 -0.3 -0.5 -0.6 -0.3 -0. 1 0 0.1 0.1 
AMY 0 0 0.2 0.2 0 0.5 0 0.1 0 0 0 0 0 
Participant 8 
ta ("C) 22.5 24.4 23 .6 22.7 23 .1 22.4 22.0 22.6 21.1 21.6 23 .1 21.9 21.3 
tr ("C) 23 .3 23.0 24.3 24.4 23 .1 24.2 23.2 23 .0 22.9 22.2 21.8 23 .6 23.5 
Mean v (ms) 0.21 0.17 0. 13 0 .15 0.12 0.13 0.15 0.17 0. 18 0.16 0.14 0.12 0 .11 
rh (%) 46.8 46.3 45.8 46.0 47.9 44.8 43.7 4 1.7 41.3 43 .7 45.3 44.0 43.3 
Solar radiation 0.05 0.55 0.05 0 .1 0.05 0.05 0 .1 0.05 0.65 0.75 0.6 0.65 0.7 
PMV -0.6 -0.2 -0.1 -0.2 -0.3 -0.3 -0.6 -0.6 -0.9 -0.8 -0.5 -0.4 -0.5 
PPD 12.7 6.1 5.3 5 .8 6.9 6.9 12.1 11.5 20.9 17.8 11 9 10.3 
PMVsolar -0.6 0.2 -0.1 -0.1 -0.3 -OJ -0.5 -0.6 -0.3 -0. 1 0 0.1 0.1 
AMY 1.5 2 2 1.2 1 I 0 .6 I 0 0.2 0.4 0.6 0.4 
Direction of travel 
Figure 5.4 - Plan view of seating arrangement inside carriage. 
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5.3.3 Interpretation of Results 
The return Journey was shorter than the Outward Journey due to fewer number 
of stops and for Practical reasons the equipment having to be packed away before 
getting off the train . Again fluctuations in Mean air velocity and Solar radiation 
provided the most variance between subjects. Sensation scores were largely higher for 
the return Journey due to a slightly higher mean air temperature and Mean radiant 
temperature. This does not impact on the analysis of results due to every individuals 
data being treated independently of another. 
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5.3.4 Comparison ofPMV, PMVsolar and AMV 
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Figure 5.5 - Comparison ofPMV, PMVsolar and AMY for 8 participants on Journey 
from Loughborough to London. (For Sensation, -2= cool, -1= slightly cool, 0= neutral, 
1= slightly warm, 2= warm, 3= hot, 4= very hot) AMV =Actual Vote oflndividual m 
this context. 
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Figure 5.6- Comparison ofPMV, PMVsolar and AMY for 8 participants on Journey 
from London to Loughborough. (For Sensation, -2= cool, -1= slightly cool, 0= neutral, 
1= slightly warm, 2= warm, 3= hot, 4= very hot) AMY= Actual Vote oflndividual m 
this context 
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5.3.5 Correlations of PMV, PMV solar and AMV 
The following show Scatter Plots and correlations between actual subjective ratings and 
predicted ratings. Although Subjective data was analysed, Pearsons correlations were 
used due to the use of a continuous scale. 
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Figure 5.7- Subject 1 correlation of AMV with PMV and PMV solar models 
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Figure 5.8- Subject 2 correlation of AMV with PMV and PMV solar models 
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Figure 5.9- Subject 3 correlation of AMV with PMV and PMV solar models 
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Figure 5.10- Subject 4 correlation of AMV with PMV and PMV solar models 
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Figure 5.11 -Subject 5 correlation of AMV with PMV and PMV solar models 
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Figure 5.12- Subject 6 correlation of AMY with PMV and PMV solar models 
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Figure 5.13 - Subject 7 correlation of AMY with PMV and PMV solar models 
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Figure 5.14 - Subject 8 correlation of AMY with PMV and PMV solar models 
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5.3.6 Interpretation of Results 
Correlations of PMY, PMY solar and AMY were performed on individual subjects data 
points from both the inward and outward journeys combined. It is surprising to note the 
results of subjects 1 and 3. When correlations were performed a negative correlation 
was found indicating that as PMV or PMV solar decreased AMV increased. The results 
of Subjects 2 and 4 show a more expected shape and correlation, with a relationship 
suggesting as PMY or PMV solar increase so to does the AMV. From these simple 
correlations it is difficult to make conclusions of wruch model best predicts AMV. 
Subjects 6 and 7 show almost straight lines indicating no correlation in both the PMV 
and PMV solar models. 
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Figure 5.15 -Correlation of all Subjects AMY scores and PMV outputs. 
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Table 5.6 - Pearson Correlation of Subjects AMV scores and PMV outputs. 
AMV PMV 
AMV Pearson Correlation 1 .348 
Sig. (2-tailed) 
.000 
N 224 224 
PMV Pearson Correlation .348 1 
Sig. (2-tailed) 
.000 
N 224 224 
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Figure 5.16 - Correlation of all Subjects AMV scores and PMV solar outputs. 
Table 5. 7- Pearson Correlation of Subjects AMV scores and PMV solar outputs 
AMV PMVsolar 
AMV Pearson Correlation 1 .312 
Sig . (2-tailed) 
.000 
N 224 224 
PMVsolar Pearson Correlation 
.312 1 
Sig. (2-tailed) 
.000 
N 224 224 
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5.3. 7 Interpretation of Results 
The data points from all 8 subjects and the relevant PMV and PMY solar results were 
correlated (see Fig. 5.13 and Fig. 5.14). This showed a positive relationship between 
both models and the AMY. Further statistical analysis was performed using a Pearsons 
Correlation to generate an r value. When PMY and AMY were correlated an r value of 
.348 was generated with a significance of p<0.05. This suggests a positive relationship. 
When PMVsolar and AMY were correlated using the same method an r value of .312 
and a significance of p<0.05. However this again indicated a positive relationship. As 
with many of the individual subjects correlations it is difficult to comment on which 
model best predicted the AMY of subjects. 
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5.4 Discussion 
The aims of the Field Trial were clearly stated however the results found have not 
allowed clear conclusions to be drawn. When correlations ofPMV solar and AMY were 
performed it is clear to see a distinct relationship and further analysis showed a clear 
positive relationship. The PMV solar is a valid model for predicting thermal sensation in 
a laboratory and in a practical situation. It is unclear however whether or not it works as 
more accurate predictor than the PMV in field studies. As with all field based 
experiments, conditions can not be controlled as readily as in a laboratory situation. 
During the field trials subjects were not exposed to a large amount of solar radiation 
and in fact was quite minimal at times. This is indicated by the large correlation, shown 
in the graph below, between PMV and PMV solar· The levels recorded were in practical 
terms equivalent to an overcast day with the pyranometer recording no condition over 
approximately 160Wm-2. 
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Figure 5.17- Correlation of PMV and PMV solar 
During the laboratory experiments subjects were exposed to 400 wm-2. There may be 
a case to conclude at lower levels of radiation, maybe below 200 Wm-2 the model is 
not as suitable to predict AMY, however this is simply an assumption and no clear 
conclusion can be drawn from the results. 
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Simple correlations for each individual between PMV or PMV solar and AMY showed 
some contradicting results. For example subject 1 showed a negative relationship in 
both comparisons yet subject 4' results showed a distinct positive relationship. From 
the simple comparisons in figure 5.3 and 5.4 for the inward and outward journeys there 
was generally more variance in the AMY than the two predictors, for example subject 3 
shows distinct rise and falls in AMY where the models are quite stable. These peaks 
and troughs may be due to the air conditioning coming on an off as reported by a 
number of the participants. This is a clear problem in many multi passenger vehicles 
particularly planes and trains, as reported by Kilkerni and Hong (2004). They reported 
the problem with distributing air conditioning throughout the vehicles compartments 
and often caused transient pull down conditions. 
The PMV and PMV solar models both use the environmental data recorded to make 
predictions of thermal sensation. There were problems with the recording of some 
environmental conditions during the field trial particularly on the outv.rard journey. As 
stated previously each individuals results were treated independently, so each subjects 
environment had to be recorded specifically. This was limited at some points due to the 
seating situation of some of the subjects and failure of the train company to provide 
reserved table seats. This coupled with a busy passenger filled carriage led to the 
environmental data not being recorded as independently for each subject as the 
methodology suggested. Particular problems were in the recording of mean air velocity 
and humidity. Due to this problem and also lack of a clear completion of the aims 
another field trial was proposed to further validate the PMV solar Model. 
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Chapter 6: Field Trial 2: Further Validation of PMV solar 
Model. 
6.1 Introduction 
A second field trial was proposed in order to further validate the Predictive model and 
also due to the fmdings of the previous field study. After statistical analysis of the 
results of the first field trial there was no clear conclusion as to whether or not the 
PMV solar Model was a more accurate predictor of AMV than the original PMV model. 
The experimental problems experienced during the first field trial were addressed in 
order to make clear and valid conclusions. The second Field trial was proposed as part 
of a full environmental evaluation in conjunction with the University of Southampton. 
The study was undertaken as part of RRUK Project 1. The effects of noise and 
vibration on passengers was recorded by Southampton University researchers and Field 
trial 2 was used to complete the environmental assessment. The findings of the trial are 
currently being used to produce an overall design guide for the internal environment of 
a railway carriage. 
6.1.1 Experimental Route 
Figure 6.1 - Experimental route used in Field Trial investigations. 
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The same route was taken as in the first Field Trial, however the subjects were placed 
in first class carriages on both the outward and return Journeys. This enabled more 
room for the experimenters, to gain a more thorough assessment of the environment 
experienced by individual subjects. Midland Main line were contacted before the field 
trial and again cooperated fully with the experiments. 
6.2 Methodology 
Field trial two largely followed the same procedure as the first trial with some slight 
improvements in order to aid in the assessment of the internal environment. 
6.2.1 Subjects 
It was decided that 6 subjects would be recruited for the second field trial. This allowed 
a more thorough evaluation of each subject by the experimenter and was also more 
appropriate for the first class carriage as they are fitted with only 3 seats across rather 
than four in the standard carriage. The seating arrangement also allows more room in 
the aisle so the experimental procedures were performed more easily and at less 
interference with the other passengers on the train. 
6.2.2 Environmental Measures 
Air Temperature, Radiant temperature, Humidity and Air velocity were all recorded as 
in the laboratory experiments and previous field trial. Thermistors were mounted on 
metal stands with the Black Globes to record air temperature and radiant temperature. 
As in the test facility thermistors were wrapped in aluminium foil to gain an accurate 
mean air temperature. The mobile stands were then placed on tables in front of the 
subjects to record the relevant environmental data on Squirrel data loggers every ten 
seconds. Air velocity and Humidity were recorded every 5 minutes as in the laboratory 
experiments. 
Solar Radiation was measured at each participant using a Skye pyranometer SP 1110 
and recorded every 5 minutes. 
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6.2.3 Subjective Measures 
Thermal sensation, Thermal Comfort, Stickiness, Preference and Acceptability were all 
recorded on the same questionnaires as used in the laboratory based experiments. 
Subjects were required to complete a questionnaire every 5 minutes for the duration of 
the train journey. 
6.2.4 Procedure 
Before each field trial , tickets were reserved on a regular train from Loughborough to 
London St. Pancras. All seats reserved were specifically Table Seats so as to 
accommodate all experimental apparatus. Subjects were required to attend the 
laboratory before each field trial to be fitted into the standard clothing ensemble (0.7 
clo) and be familiarized with the subjective questionnaire. Subjects were then taken to 
catch a return train from Loughborough to London St. Pancras. 
Once in the train carriage the Environmental Measuring equipment was positioned in 
front of the participants and the test began. Subjects were required to answer a 
questionnaire every 5 minutes throughout the journey to and from London. On arrival 
in London subjects had approximately forty minutes before starting the return journey. 
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6.3 Results 
Weather report: A vg. Temp. = 20.8°C, Humidity = 72.8%, A vg. Wind = 3.2kph 
(ESE), Rain fall= 10.7 mm, Description= Overcast with sunny spells (rain forecast in 
London area). 
6.3.1 Environmental Results 
Outward Journey: 
Table 6.1- Summary ofEnvironmental data and AMY for Participants 1 to 4. 
Loughborough- London 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 
Participant 1 
ta 22.9 22.7 22.2 22.3 22.1 22.2 22. 1 22.7 22.7 22.4 22.6 22.7 22.7 22.4 
tr 25 .8 243 23 .6 233 23 .1 23.0 22.9 23 .0 233 23 .5 23.5 23 .8 23 .8 23 .8 
Mean V 0.16 0.16 0.11 0.15 0.11 0.13 0.08 0.09 0. 15 0.22 0.32 0.2 1 0. 19 0. 14 
rh 57.2 58.6 53.8 55.5 54.4 60.0 57.7 57.9 58.2 57.8 62.5 64.0 57.2 56.2 
Solar radiation 0.05 0.05 0.05 0 0.05 0 0.05 0.05 0 .05 0.05 0.05 0.05 0.05 0.05 
PMV -0.3 -0.5 -0.5 -0.7 -0.6 -0 .7 -0.6 -0.4 -0.6 -0.8 -0.9 -0.6 -0.6 -0.6 
PPD 6.3 9.9 11.1 14.9 13 .1 14.3 11.9 9.2 12.4 18.6 22.6 13.5 13 .6 11.7 
PMVsolar -0.3 -0.5 -0.5 -0.7 -0.6 -0.7 -0.6 -0.4 -0.6 -0.8 -0.9 -0.6 -0.6 -0.6 
AMV -I. -2 -2 -1.7 -I -1 .5 -1.8 -1.3 -I -1.6 -1.2 -1.2 -1.3 -1 
Participant 2 
ta 22.9 22.7 22.2 22.3 22.1 22.2 22.1 22.7 22.7 22.4 22.6 22.7 22.7 22.4 
tr 25 .8 24.3 23.6 23 .3 23 .1 23 .0 22.9 23.0 23.3 23 .5 23 .5 23 .8 23.8 23 .8 
Mean V 0.16 0.16 0.11 0 .15 0.11 0.13 0.08 0.09 0.15 0.22 0.32 0.2 1 0.19 0.14 
rh 57.2 58.6 53 .8 55.5 54.4 60.0 57.7 57.9 58 .2 57.8 62.5 64.0 57.2 56.2 
Solar radiation 0.05 0.05 0 0 .05 0.05 0 0.05 0 0 .05 0.05 0.05 0.05 0.05 0.05 
PMV -0.3 -0.5 -0.5 -0.7 -06 -0.7 -0.6 -0.4 -0.6 -0.8 -0.9 -0.6 -0.6 -0.6 
PPD 6.3 9.9 11.1 14.9 13 .1 14.3 11.9 9.2 12.4 18.6 22.6 13.5 13 .6 11.7 
PMVsolar -0.3 -0.5 -0 .5 -0 .7 -0.6 -0.7 -0.6 -0.4 -0 .6 -0.8 -0.9 -0.6 -0.6 -0.6 
AMV 0 0 0 0 0 0.3 0.4 0.5 0.3 0.6 0.3 0.3 0.5 0.5 
Participant 3 
ta 22.9 22.7 22.2 22.3 22.1 22.2 22.1 22.7 22.7 22.4 22.6 22.7 22.7 22.4 
tr 25 .8 24.3 23 .6 23.3 23 .1 23 .0 22.9 23 .0 23.3 23.5 23.5 23 .8 23 .8 23 .8 
Mean V 0.16 0. 16 0.1 1 0.15 0.11 0.13 0.08 0.09 0. 15 0.22 0.32 0.2 1 0.19 0.14 
rh 57.2 58.6 53 .8 55 .5 54.4 60.0 57.7 57.9 58.2 57.8 62.5 64.0 57.2 56.2 
Solar radiation 0.05 0.05 0.05 0 0.05 0.05 0. 15 0.05 0.1 0.1 0.05 0.1 0.05 0.05 
PMV -0.3 -0.5 -0.5 -0.7 -0.6 -0.7 -0.6 -0.4 -0.6 -0.8 -0 .9 -0.6 -0.6 -0.6 
PPD 6.3 9.9 11.1 14.9 13 .1 14.3 11.9 9.2 12.4 18.6 22.6 13.5 13.6 11.7 
PMVsolar -0.3 -0.5 -0.5 -0.7 -0.6 -0.7 -0.4 -0.4 -0.5 -0.7 -0 .9 -0.5 -0.6 -0.6 
AMV 0 -0.7 -0.4 0 0 0 0 0 0 0 -0 .1 0 0 0 
Participant 4 
ta 22.9 22.7 22.2 22.3 22. 1 22.2 22. 1 22.7 22.7 22.4 22.6 22.7 22.7 22.4 
tr 25.8 24.3 23 .6 23.3 23.1 23.0 22 .9 23 .0 23.3 23 .5 23 .5 23 .8 23 .8 23 .8 
Mean V 0.16 0.16 0. 11 0. 15 0.11 0.13 0.08 0.09 0. 15 0.22 0.32 0.2 1 0. 19 0.14 
rh 57.2 58.6 53 .8 55 .5 54.4 60.0 57.7 57.9 58.2 57.8 62.5 64.0 57.2 56.2 
Solar rad iation 0.05 0.05 0.05 0 0.05 0.05 0.2 0.05 0.15 0.15 0.1 0.2 0.05 0.1 
PMV -0.3 -0 .5 -0.5 -0.7 -0.6 -0.7 -0.6 -0.4 -0.6 -0.8 -0.9 -0 .6 -0.6 -0.6 
PPD 6.3 9.9 11.1 14.9 13.1 14.3 11.9 9.2 12.4 18.6 22.6 13.5 13.6 11.7 
PM V solar -0.3 -0.5 -0 .5 -0.7 -0.6 -0.7 -0.4 -0.4 -0.4 -0.6 -0.8 -0.4 -0.6 -0.5 
AMV -1.2 -1.6 0 -I -I -0.5 0 0 -0.2 0 0.1 0 0.5 0.6 
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Table 6.2 - Summary of Environmental data and AMY for Participants 5 and 6. 
Loughborough- London 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 
Participant 5 
ta 22.9 22.0 21.3 21.2 20.8 21.0 20.9 21.0 21.1 22.4 21.6 21.9 21.7 21.0 21.0 
tr 25.8 24.7 22.8 22.1 22.03 21.7 21.8 22.0 22.2 23.5 22.4 22.5 22.7 22.7 22 .5 
Mean V 0.16 0.16 0.11 0.15 0.11 0 .13 0.08 0.09 0.15 0.22 0.32 0.21 0.19 0. 14 0.14 
rh 57.2 56.6 54.8 55.6 55.8 59.9 59.6 59 58 57.8 61.9 65.3 60.6 52.2 55.4 
Solar radiation 0.05 0.05 0 0.05 0.05 0 0.1 0.05 0.15 0.05 0.1 0.1 0.05 0.05 0.05 
PMV -0.3 -0.5 -0.5 -0.7 -0.6 -0.7 -0.6 -0.4 -0.6 -0.8 -0.9 -0.6 -0.6 -0.6 -0.6 
PPD 6.3 9.9 I 1.1 14.9 13.1 14.3 11.9 9.2 12.4 18.6 22.6 13 .5 13.6 11 .7 13 .8 
PMVsolar -0.3 -0.5 -0.5 -0.7 -0.6 -0.7 -0.5 -0.4 -0.4 -0.8 -0.8 -0.5 -0.6 -0.6 -0.6 
AMV I I 0 0 0 0 0 0 0 0 0 0 0 0 0 
Participant 6 
ta 22.9 22.0 21.3 21.2 20.8 21.0 20.9 21.0 21. 1 22.4 21.6 21.9 21.7 2 1.0 21.0 
tr 25 .8 24.7 22.8 22.1 22.03 2 1.7 21.8 22.0 22.2 23.5 22.4 22.5 22.7 22.7 22.5 
Mean V 0.16 0. 16 0.11 0.15 0.11 0 .13 0.08 0.09 0.15 0.22 0.32 0.2 1 0.19 0.14 0. 14 
rh 57.2 56.6 54.8 55.6 55.8 59.9 59.6 59 58 57.8 61.9 65.3 60.6 52.2 55.4 
Solar radiation 0.05 0.05 0 0.05 0.05 0 0.1 0.05 0.15 0.05 0.1 0.1 0.05 0.05 0.05 
PMV -0.3 -0.5 -0.5 -0.7 -0.6 -0.7 -0.6 -0.4 -0.6 -0.8 -0.9 -0.6 -0.6 -0.6 -0.6 
PPD 6.3 9.9 11.1 14.9 13 .1 14.3 11 .9 9.2 12.4 18.6 22.6 13 .5 13.6 11 .7 13.8 
PMVsolar -0.3 -0.5 -0.5 -0.7 -0.6 -0.7 -0.5 -0.4 -0.4 -0.8 -0.8 -0.5 -0.6 -0.6 -0.6 
AMV -0.7 -1. 1 -0.5 0 -0.2 0 0.6 0.7 I 0 0.9 I I 0 0 
Direction of travel 
Figure 6.2 - Plan view of seating arrangement inside carriage. 
6.3.2 Interpretation of Results 
As with the previous field trial there were notable fluctuations in air velocity on the 
outward journey. At times this was a high as 0.32m/s and at times dropped to less than 
0.1 rn/s. The level of solar radiation on the subjects was again very low with weather 
conditions being overcast for most of the journey. This produced little or no significant 
solar radiation exposure to the participants even in the window seats. T r and ta were 
both low for the whole journey generating a PMV lower than -0.5 for most of the 
120 
75 
21.1 
22.2 
0.21 
57.2 
0.05 
-0.8 
18.3 
-0.8 
0 
2 1.1 
22.2 
0.21 
57.2 
0.05 
-0.8 
18.3 
-0.8 
I 
journey. Humidity did fluctuate but stayed at levels normally associated with thermal 
comfort. 
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Inward Journey: 
Table 6.3 - Summary of Environmental data and AMV for Participants 1 to 6. 
London- Lou hborough 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 
Participant 1 
ta 22.6 23.4 22.7 24.0 23 .8 23 .7 24.1 24.4 24.9 23 .1 24.1 22.6 22.4 22.8 24 
tr 22.6 23.3 23 .9 23 .9 24.4 24.5 24.9 25 .5 25.5 25.5 25 .2 25.2 24.0 23 .7 23 .9 
Mean V 0.12 0.11 0.09 0.13 0.10 0.09 0 .15 0.08 0.09 0 .09 0.11 0 .14 0.11 0.11 0.09 
rh 62.6 67.1 56. 3 56.3 58.3 60 57 63.4 62.5 49.3 58.3 50 47.1 54.6 61 
Solar radiation 0.05 0.05 0.05 0 .05 0.05 0.05 0 .05 0.05 0.05 0.05 0.1 0 .05 0.05 0.05 0.05 
PMV -0.6 -0.3 -0.3 -0.2 -0.1 0 -0.1 0.3 0.3 -0.1 0.1 -0.3 -0.5 -0.4 -0.1 
PPD 12.2 6.7 7.4 6.1 5.2 5 5.3 6.3 7.1 5.2 5.2 7.3 10.1 8.7 5.1 
PMVsolar -0.6 -0.3 -0.3 -0.2 -0.1 0 -0.1 0.3 0.3 -0.1 0.1 -0.3 -0.5 -0.4 -0.1 
AMY 0 0 -1 0 0 0 0 0.3 0 0 0 0 0 0 0.4 
Participant 2 
ta 22.9 23.1 23.3 23 .9 23.4 23 .7 23 .7 24.0 24.1 23.2 24.8 23.3 22.6 22.6 23 .7 
tr 22.8 23.3 24.1 23 .9 24.7 24.6 25.1 25.2 25.4 25.4 25.0 25.3 24.7 24.1 23.9 
Mean V 0.12 0.11 0.09 0.13 0.10 0.09 0 .15 0.08 0.09 0.09 0.11 0 .14 0.11 0.11 0.09 
rh 62.8 6 1.6 60.0 64.7 59 51.5 55.7 57.6 65.8 50.8 64.8 50.3 50.8 50.3 60.6 
Solar radiation 0.05 0.05 0.05 0.05 0.1 0.05 0 .15 0.15 0 .2 0.1 0.15 0 .15 0.15 0.1 0.1 
PMV -0.5 -0.4 -0.2 -0.2 -0.1 -0.1 -0.2 0.1 0 .2 -0.1 0.2 -0.2 -0.3 -0.4 -0.1 
PPD 10.4 7.9 5.6 5.7 5.2 5.2 5.7 5.2 5.8 5.1 5.7 6.2 7.4 8.8 5.3 
PMVsolar -0.5 -0.4 -0.2 -0.2 0 -0.1 -0 0.2 0.3 0 0.3 0 -0.1 -0.3 0 
AMY 0 0 0.4 0.8 0.5 0.9 0 .8 I 0.7 0.3 -0.2 0 -0.2 0 0 
Participant 3 
ta 22.6 23.4 22.7 24.0 23 .8 23 .7 24.1 24.4 24.9 23 .1 24.1 22.6 22.4 22.8 24 
tr 22.6 23.3 23 .9 23 .9 24.4 24.5 24.9 25.5 25.5 25.5 25.2 25.2 24.0 23 .7 23 .9 
Mean V 0.12 0.11 0.09 0.13 0.10 0.09 0 .15 0.08 0.09 0.09 0.11 0 .14 0.11 0.11 0 .09 
rh 62.6 67.1 56.3 56.3 58.3 60 57 63.4 62.5 49.3 58.3 50 47.1 54.6 6 1 
Solar radiation 0.05 0.05 0.05 0.05 0.05 0.05 0 .05 0.05 0.05 0.05 0.05 0 .05 0.05 0.05 0 .05 
PMV -0.6 -0.3 -0.3 -0.2 -0.1 0 -0.1 0.3 0.3 -0.1 0.1 -0.3 -0.5 -0.4 -0.1 
PPD 12.2 6.7 7.4 6.1 5.2 5 5.3 6.3 7.1 5.2 5.2 7.3 10.1 8.7 5.1 
PMVsolar -0.6 -0.3 -0.3 -0.2 -0.1 0 -0 .1 0.3 0.3 -0.1 0.1 -0.3 -0.5 -0.4 -0.1 
AMY 0 0 0 0.6 0 0.9 I I I I 1.1 0.3 I 1.1 2 
Participant 4 
ta 22.9 23.1 23 .3 23 .9 23.4 23 .7 23 .7 24.0 24.1 23.2 24.8 23 .3 22.6 22.6 23 .7 
tr 22.8 23.3 24.1 23 .9 24.7 24.6 25 .1 25.2 25.4 25.4 25.0 25.3 24.7 24.1 23 .9 
Mean V 0.12 0.11 0.09 0.13 0.10 0.09 0 .15 0.08 0.09 0.09 0.11 0 .14 0. 11 0.11 0.09 
rh 62.8 61.6 60.0 64.7 59 51.5 55 .7 57.6 65 .8 50.8 64.8 50.3 50.8 50.3 60.6 
Solar rad iation 0.05 0.05 0.05 0.05 0.1 0.1 0 .2 0.1 0.15 0.1 0.15 0 .1 0.05 0.05 0.05 
PMV -0.5 -0.4 -0.2 -0.2 -0.1 -0.1 -0 .2 0.1 0.2 -0.1 0.2 -0.2 -0.3 -0.4 -0.1 
PPD 10.4 7.9 5.6 5.7 5.2 52 5.7 5.2 5.8 5.1 5.7 6 .2 7.4 8.8 5.3 
PMVsolar -0.5 -0.4 -0.2 -0.2 0 0 0 0.1 0.3 0 0.3 -0.1 -0.3 -0.4 -0.1 
AMY -0.4 0 0 0 0 -0.1 0 0 0 0 0 0 0 0 0.1 
Participant 5 
ta 22.6 23.4 22.7 24.0 23 .8 23 .7 24.1 24.4 24.9 23 .1 24.1 22.6 22.4 22.8 24 
tr 22.6 23.3 23 .9 23 .9 24.4 24.5 24.9 25.5 25.5 25.5 25.2 25.2 24.0 23 .7 23 .9 
Mean V 0.12 0.11 0.09 0.13 0.10 0.09 0. 15 0.08 0.09 0.09 0.11 0.14 0.11 0 .11 0.09 
rh 62.6 67.1 56.3 56.3 58.3 60 57 63 .4 62.5 49.3 58.3 50 47.1 54.6 61 
Solar radiation 0.05 0.00 0.1 0.1 0.1 0.1 0 .1 0.2 0.1 0.1 0.1 0 .05 0.00 0.00 0.05 
PMV -0.6 -0.3 -0.3 -0.2 -0.1 0 -0.1 0.3 0.3 -0.1 0.1 -0.3 -0.5 -0.4 -0.1 
PPD 122 6.7 7.4 6 .1 5.2 52 5.3 6.3 7.1 5.2 52 7.3 10.1 8.7 5.1 
PMVsolar -0.6 -0.3 -0.2 -0.1 0 0 0 0.4 0.3 0 0.1 -0.3 -0.5 -0.4 -0.1 
AMY I I 0 0 I I 0 0 0 02 0 0 0 0 0 
Participant 6 
ta 22.6 234 22.7 24.0 23 .8 23 .7 24.1 24.4 24.9 23 .1 24.1 22.6 22.4 22.8 24 
tr 22.6 23.3 23 .9 23 .9 24.4 24.5 24.9 25.5 25.5 25.5 25.2 25 .2 24.0 23 .7 23 .9 
Mean V 0.12 0.11 0.09 0.13 0.10 0.09 0 .15 0.08 0.09 0.09 0.11 0 .14 0.11 0.11 0.09 
rh 62.6 67.1 56.3 56.3 58.3 60 57 63.4 62.5 49.3 58.3 50 47.1 54.6 61 
Solar radiation 0.00 0.00 0.1 0.1 0. 1 0.1 0 .1 0.1 0. 15 0.1 0. 1 0.05 0.05 0.00 0.05 
PMV -0.6 -0.3 -0.3 -0.2 -0 .1 0 -0.1 0.3 0.3 -0.1 0.1 -0.3 -0.5 -0.4 -0.1 
PPD 12.2 6.7 7.4 6.1 5.2 52 5.3 6.3 7.1 52 5.2 7.3 10.1 8.7 5.1 
PMVsolar -0.6 -0.3 -0.2 -0.1 0 0 0 0.3 0.4 0 0.1 -0.3 -0.5 -0.4 -0.1 
AMY I I I 0.9 I I I I I 0.4 I I 0.4 0.3 0.4 
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Direction of travel 
SubjectS ~I I~ Subject ! 
Figure 6.3 - Plan view of seating arrangement inside carriage. 
6.3.3 Interpretation of results 
Tr and ta were higher on the return journey and air velocity was much more stable. 
Relative humidity was similar to the levels recorded on the outward journey. This was 
reflected in the higher PMV's and AMY's for the return journey. Weather conditions 
were slightly better for the return journey however subjects still experienced very low 
levels of solar radiation. 
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6.3.4 Comparison ofPMV, PMVsolar and AMV 
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Figure 6.4- Comparison ofPMV, PMV solar and AMY for 6 participants on Journey 
from Loughborough to London. (For Sensation, -2= cool, -1= slightly cool, 0= neutral, 
1= slightly warm, 2= warm, 3= hot, 4= very hot) 
6.3.5 Interpretation of Results 
The low level of radiation experienced by the participants is clearly seen from Figure 
6.4. The PMV and PMV solar are very similar in all the participant' s environments 
indicating that there were low levels of solar radiation so no correction to the PMV was 
necessary. In participants 2,3,4,5 and 6 the AMY was higher than the models 
predictions for the majority of the journey. Participant 1 reported a much cooler 
sensation throughout the journey than the environmental conditions suggested. Also 
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Participant 1 recorded a much more fluctuating sensation vote than the other 
participants, indicating that this position may have been affected by the air conditioning 
coming on/off, although the environmental conditions do not show the same 
fluctuations . 
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Figure 6.5- Comparison ofPMV, PMV solar and AMY for 8 participants on Journey 
from London to Loughborough. (For Sensation, -2= cool, -1= slightly cool, 0= neutral, 
1 = slightly warm, 2= warm, 3= hot, 4= very hot) 
6.3.6 Interpretation of results 
From Figures 6.4 to 6.11 the PMV and PMV solar models suggest that the 
environmental conditions were slightly warmer than the outward journey. Participants 
1-4 show quite similar AMY' s to the predictive models, participants 5 and 6 seem to be 
more consistent with the outward journey indicating a higher AMY than the predictive 
models suggest. Subjective votes also seem more consistent with changes in 
environmental conditions than field trial 1. 
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6.3.7 Correlations ofPMV, PMVsolar and AMV 
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Figure 6.6- Subject 1 correlation of AMY with PMV and PMV solar models 
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Figure 6.7- Subject 2 correlation of AMY with PMV and PMV solar models 
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Figure 6.8 - Subject 3 correlation of AMV with PMV and PMV solar models 
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Figure 6.9- Subject 4 correlation of AMV with PMV and PMV solar models 
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Figure 6.10- Subject 5 correlation of AMY with PMV and PMV solar models 
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Figure 6.11 - Subject 6 correlation of AMY with PMV and PMV solar models 
6.3.8 Interpretation ofResults 
The above correlations were all performed, as in field trial 1, to gain a correlation 
between the AMY and the predictive Models. When subjective votes were compared 
with the PMV model all participants recorded a positive correlation. For subjects 4 and 
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5 the correlations of PMV and AMV showed quite weak correlations but were still 
slightly positive. When AMY and PMV solar were correlated for each subject, very 
sirnjlar results were shown as with the PMV model. Trus again rughlighted the lack of 
solar radiation experienced by the subjects. For subjects 1 and 3 the correlation of 
AMY and PMV solar showed particularly strong correlations, but again were very 
similar to the PMV and AMY correlations. 
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Figure 6.12- Correlation of all Subjects AMV scores and PMV outputs. 
Table 6.4- Pearson Correlation of Subjects AMY scores and PMV outputs. 
AMV PMV 
AMV Pearson Correlation 1 .321 
Sig. (2-tailed) .000 
N 186 186 
PMV Pearson Correlation 
.321 1 
Sig. (2-tailed) .000 
N 186 186 
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Figure 6.13 -Correlation of all Subjects AMV scores and PMV solar outputs. 
Table 6.5 - Pearson Correlation of Subjects AMV scores and PMV solar outputs 
AMV PMVsolar 
AMV Pearson Correlation 1 .333 
Sig. (2-tailed) 
.000 
N 186 186 
PMVsolar Pearson Correlation 
.333 1 
Sig . (2-tailed) 
.000 
N 186 186 
6.3.9 Interpretation of Results 
Figure 6.10 and Figure 6.11 show very similar results, with the gradient of the lines of 
best fit being very similar and indicating a rather weak correlation between AMV and 
both models. Pearsons correlation of the AMV and PMV showed a medium strength, 
but significant relationship with an r value of 0.321 (p<0.05). When the same 
correlation was performed with AMV and PMV solar a slightly higher r value was 
recorded, r = 0.333 (p<0.05) indicating also a medium strength relationship. The R 
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square value was also slightly higher between the AMV and PMV solar but again was 
only a slight increase from the AMV and PMV correlation. 
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6.4 Discussion 
The methodological problems experienced in the first field trial were eradicated in the 
second field trial. This was in part due to having more space to use the experimental 
apparatus and also the reduction in numbers of participants allowed a more thorough 
environmental assessment. The weather on the day of the second field trial was similar 
to the first trial with an overcast sky and showers, despite it being July. This led to very 
low readings on the pyranometer even in the window seats. Subjects in the aisle seats 
received very negligible amounts of solar radiation. 
The aim of the field trial was to further validate the PMV solar model and compare it to 
the PMV model. Comparisons were made, however due to the low levels of solar 
radiation the PMV solar model gave a very similar prediction as the PMV. It was also 
difficult to interpret from the correlations and pearsons correlations which model is 
more appropriate. The simple comparisons (Figure 6.2 and 6.3) did indicate subjects 
felt warmer than the environmental conditions suggested and generally the PMV solar 
line was closer to that of the Actual Mean Vote (AMV) in nearly all the subjects. It was 
reported that the correlations between AMV and PMV solar indicated a slightly higher r 
value and therefore better correlation, however this difference was only very small, 
0.0112. 
The trials were dictated by the weather and a clearer more sunny day would have given 
a bigger range of levels of solar radiation experienced by the subjects. This would have 
. allowed for more clear conclusions to be drawn. Hodder (2002) did note however that 
in the field trials to validate the PMV solar model originally that the model was not as 
'robust in the field' but was still better than existing models. It would appear that the 
findings of this research support this conclusion. 
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Chapter 7: Discussion 
The aims of this thesis were set around the PMV solar Model developed by Hodder and 
Parsons (200 1 ). The thesis looked to extend the use of the PMV solar to train travel with 
the use of laboratory experiments and field trials. This enabled further validation of the 
model and also looked into the area of thermal comfort in railway carriages. The lack of 
research into the internal environment on railway carriages has been reported 
previously in this research. Often when looking into thermal comfort and trains, one 
has to apply principles concluded from research in other forms of vehicles, most 
popularly cars. The principles from other vehicles and even buildings are valid but can 
not be seen as a means to solve problems or improve passenger comfort. The 
environment within the multi passenger vehicle like a train is much more varied to 
other vehicles and the big difference appears to be in the way external environments 
impact on the carriage and its passengers. Other vehicles allow a certain amount of 
personal control of the immediate environment which is not available in a railway 
cam age. 
Experiment 1 applied simple experimental design, used previously into research 
for car design, and applied to a train carriage. It allowed further validation ofPMV solar 
Model over an extended period of time. Despite some slight experimental problems 
with control of the test facility the findings concluded that the PMV solar was accurate 
over this extended period and there were no accumulative effects of solar radiation to 
account for in the Models correction value. The experiment also highlighted how 
passengers can be affected by solar radiation while traveling on a train. The test facility 
was designed to mimic the position of a passenger in a window seat. It is quite clear 
that if the subjects were on an actual train experiencing the same levels of radiation 
they would experience thermal discomfort, if the internal environment was not 
sufficiently altered. However the field trials did not record the same levels of radiation 
as experienced in the experiment. 
Experiment 2 further investigated the possible conditions one can experience 
while traveling on a train. The carriage orientation to the sun may change, the carriage 
could go through a tunnel or the sun could go behind a cloud, all causing changing 
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environments within the carriage. Experiment 2 looked into what happens to the 
psychology and physiology of a passenger when they are shielded and exposed to solar 
radiation. This also allowed further testing of the PMV solar Model. 
Introducing solar radiation to a subject has a significant impact on their thermal 
sensation. A significant increase occurs in thermal sensation experienced, this increase 
is not the maximum thermal sensation experienced, as further increases will occur if the 
subjects stay in the radiation for a time period of 5 minutes or more. The PMV solar did 
predict this increase although indicated a higher sensation vote primarily which took 
the subjects approximately 5 mins to reach. In a practical situation this increase would 
be negligible. 
Shielding subjects from solar radiation was also investigated. Shielding 
subjects from simulated solar radiation had a significant effect in decreasing thermal 
sensation. There appeared to be no time delay either when shielding radiation, the 
subjects did not get significantly cooler after 5 minutes. Practically this would suggest 
that when a radiation source is shielded from a person they immediately return to a 
normal level of sensation as experienced within that environment. The PMV solar 
Model was effective in predicting the subjective sensation of subjects during 
experiment 2 and was more accurate than the PMV model. 
The use of field trials to validate models and results is crucial in any research. 
However there are problems with this form of research particularly with human 
subjects. Despite the trials being held in May and July, both days were overcast and 
dull resulting in only small amounts of solar radiation on the subjects. The pyranometer 
is sensitive to small changes in radiation, but through most of field trial 1 only recorded 
very low levels of radiation. As reported before this was not even half of what the 
subjects experienced in the laboratory settings. The lack of solar radiation often meant 
that the PMV solar Model gave the same figure as the PMV as the radiation correction 
was not needed. This made it difficult to interpret differences when both predictive 
models were correlated with the AMV. Field trial one was made difficult by the seating 
arrangement that was provided by the railway company. In order to provide an accurate 
environmental assessment for each subject, table seats were reserved for much of the 
equipment to be placed on. On the outward journey the seating provided was four table 
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seats and four seats in a row across the train. Accurate measures were taken with the 
pyranometer for all the subjects, however other environmental measures were limited 
by the seating arrangement. It also took some time to get the subjects positioned due to 
it being a busy train and other passengers being in designated seats. The results from 
the first field trial showed the PMV and PMV solar to have medium strength 
relationships when correlated with the AMV, however it is impossible to say which 
worked better. 
Field trial 2 was performed in first class carriages which enabled a much more 
thorough assessment. From the results of a Pearsons correlation the PMV solar showed 
a better correlation with the AMV than the PMV did when correlated with the AMV. 
However due to the levels of solar radiation experienced by the passengers being so 
low the difference was only marginal. 
The PMV solar Model performs well in the laboratory setting where higher levels of 
solar load were subjected to the participants and consistently provided some valid 
conclusions. This is consistent with other studies performed by Hodder and Parsons 
(200 1) and Underwood (2006), and we can only assume the reasons for this. There is 
suggestion from the findings of this study that it may be due to the levels of solar 
radiation recorded during the trials and the sensitivity of the Model decreasing below 
200 Wm-2. Other causes of the difference between the lab and the field trials may well 
be due to the subjects themselves behaving differently in the field trial situation with 
other passengers and subjects around them, particularly how quickly and accurately 
they answer the questionnaires. 
PMV solar is a practical and valid model when predicting subjective thermal sensation 
and at this time is bettered by no other model for predicting thermal sensation. 
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7.6 Future Research 
• A psychophysical approach could be taken to the findings of the laboratory 
experiments in order to investigate the relationship between the magnitude of 
the stimulus (e.g. Solar radiation or Environmental conditions) and its perceived 
intensity or strength, for example using Stevens Power Law. 
• The use of focus groups using passengers would give insight into the main 
causes of discomfort for rail carriage users and allow experimenters to try and 
account for the possible areas of discomfort, thus allowing designers eliminate 
them. Focus groups of rail carriage designers would also be a useful and 
interesting area of research allowing discussion of problem areas in designing 
for thermal comfort. 
• The findings of experiment 2 showed there was a time delay involved when 
subjects were immediately exposed to simulated solar radiation. The subjects 
showed an immediate significant increase but also showed a further rise in 
thermal sensation. Future research could look into a more exact figure for this 
time delay and also the first 'immediate' increase. This was limited by the time 
which the subject could answer the questionnaire. It would also be interesting to 
determine the time delay on the Mean skin temperatures, as the increases were 
not as instant as with the subjective data. 
• Presently there has been no research, particularly field trials, into traveling on a 
train at night. There has been some research at Loughborough University into 
the effects of sitting by a cold window and a model has been produced to 
account for the effect of the window. 
• The second field trial involved collaboration with Researchers at the University 
of Southampton providing a full environmental assessment. Further research 
could be performed on the interaction effects of noise and vibration on thermal 
comfort and vice versa. 
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Appendix A: 
mple of subjective questionnaire used in both Laboratory experiments and Field Trials: 
hermal Environment. Please rate how YOU feel NOW: 
eryhot 
ot 
ann 
ightly warm 
eutral 
ightly Cool 
ool 
ry uncomfortable 
comfortable 
ightly uncomfortable 
t uncomfortable 
Overall Head Trunk Arms Upper legs Lower legs/Feet 
Left Right Left Right Left Right Left Right 
Overall Head Trunk Arms Upper legs Lower legs/Feet 
Left Right Left Right Left Right Left Right 
~ ~~~~~~~~~ 
Overall Head Trunk Arms Upper legs Lower legs/Feet 
~ ~~~~~~~~~~~~~ 
lease rate on the scale how YOU would like to be NOW: 
h wanner Wanner Slightly wanner No change Slightly cooler Cooler 
lease Rate on the scale how YOU feel NOW in this thermal environment: 
Much 
cooler 
pleasant Pleasant Slightly Neither pleasant Slightly 
pleasant nor unpleasant unpleasant 
Unpleasant Very 
unpleasant 
lease indicate how acceptable YOU find 
thermal environment NOW: 
ptable D unacceptable D 
5. Please indicate how satisfied YOU are with this 
thermal environment NOW: 
satisfied D dissatisfied D 
Appendix B: 
Thermistor calibration Table: Target temperature 24 OC 
Laboratory Experiments 
Thermistor Reading/OC Reading-Target 
1 24.1 +0.1 
2 24.1 +0.1 
3 24.0 0 
4 23.85 -0.15 
5 24.0 0 
6 23.85 -0.15 
7 24.0 0 
8 23.85 -0.15 
9 23.95 -0.05 
10 23.95 .:o.05 
11 23.9 -0.1 
12 24.05 +0.05 
13 24.05 +0.05 
Field Trials 
Thermistor Reading/"C Reading-Target 
1 24.0 0 
2 24.0 0 
3 - -
4 23.95 -0.05 
5 - -
6 23.95 -0.05 
7 23.95 -0.05 
8 24.0 0 
9 23.9 -0.1 
10 24.05 +0.05 
11 - -
12 23.9 -0.1 
13 23.9 -0.1 
14 24.0 0 
15 24.0 0 
Appendix C: 
Conversion of Watts per metre squared from Milli volts: 
A Pyranometer gives a reading in m V that for the purposes ofthe predictive model 
needed to be converted to Wm-2. 
5.29 X 10-6 V = Wm-2 • 
e.g. 2.16mV = 400 Wm-2. 
( 2.16 + 1000 )+ 5.29 X 10-6 = 400. 
Appendix D: 
Designing for Thermal Comfort in Rail Carriages 
Chapter Summary 
The following describes and explains the principles and techniques of designing a 
thermally comfortable environment for rail carriage users. Listed are three methods 
for obtaining a thermally neutral environment. 
Thermal Comfort 
ISO 7730 uses the PMV (Predicted Mean Vote) as an index for the assessment of 
thermal comfort in moderate environments. The PMV index is the most widely 
known and used index for the assessment of thermal comfort in both laboratory and 
practical situations. The PMV was first proposed by Fanger in 1970, and were based 
on a large number of results of thermal sensations by American students in a 
thermal chamber at various environmental conditions. Fanger devised a comfort 
equation that had inputs from the six basic parameters in order to calculate a PMV 
value. By taking into account the air temperature, radiant temperature, humidity, air 
velocity, clothing and metabolic rate the PMV gives a thermal sensation vote on a 
seven point scale: 
Hot +3 
Warm +2 
Slightly warm +1 
Neutral 0 
Slightly cool -1 
Cool -2 
Cold -3 
For Rail Carriage Design there are a number of ways that a thermally neutral 
(comfortable) environment can be achieved. All have the same aim and result, to 
produce a thermally neutral environment for passengers by controlling the six basic 
parameters: air temperature, radiant temperature, humidity, air velocity, clothing 
and metabolic rate. 
1) Measurement of Environment and use of predictive models: 
It is possible to generate a PMV value using a computer programme or complex 
tables and charts. Both rely on the generation of figures for the basic parameters. 
The following gives details on the measurement of the basic parameters and also 
figures to obtain a neutral environment (PMV=O +/- 0.5). 
a) Clothing - ISO 7730 gives a table of regular clothing and its relevant value 
measured in 'clo', 1 clo unit is approximately the insulation value of a business suit 
with the appropriate underwear. 
b) Metabolic Rate - this can also be obtained from reference tables (ISO 7730) that 
indicate a number of activities and the relevant metabolic rate. With regards to train 
travel most subjects will be seated and resting, giving a metabolic rate of 
approximately 60 wm-2. 
c) Air Temperature- Parsons, 2003, defines air temperature as 'the temperature of 
the air surrounding the human body which is representative of that aspect of the 
surroundings which determines heat flow between the human body and the air'. 
This must be measured using pre-calibrated thermistors. It is important to note a 
number of thermistors must be used to gain an overall mean air temperature. For 
conditions of thermal Comfort when a Subject is wearing approximately 1 clo and 
at rest (60 Wm-2) the air temperature should be between 22° C and 26°C. 
d) Radiant Temperature - can be looked at as the combined measure of the 
temperature of the surrounding surfaces and also the orientation of the body to these 
surface. The human body is constantly exchanging radiant heat with the objects 
within its 'view', the larger the temperature difference ofthe human body's surface 
temperature and the adjacent objects temperature the more intense the energy 
exchange.Two 150mm black globe are used to record and gain a mean radiant 
temperature. Again these must be positioned as close to the subject as possible and 
preferably the two globes should be at varying heights to account for all changes 
that may occur in the environment. The Black Globes give an initial globe 
temperature which is then corrected, using an equation, for air velocity and air 
temperature. 
e) Air Velocity- Air movement across the body can influence the ability to lose 
heat to the environment and thus can affect thermal comfort. A hot wire 
anemometer is the most appropriate instrument to use in internal environments 
when air movement will generally be small. Air velocity should be under 0.15 ms-1 
for conditions of thermal comfort. Values over this may cause localized and whole 
body discomfort. 
t) Relative Humidity- Relates to the amount of water vapor in the air and also the 
ability for the body to loss sweat to its surroundings. Using a hygrometer it is 
possible to gain a relative humidity reading given as a percentage. For subjects in 
clothing of 1 clo and seated at rest the relative humidity should be in the region of 
50-60%. 
Once the basic parameters have been generated it is possible to enter these figures in 
a computer programme to gain the PMV value. This can then be entered into the 
PMV solar Model and used when subjects experience solar radiation through the 
carriage window. 
PMV solar= PMV + RAD Wm-2 
200 
RAD is the amount of radiation in wm-2 falling on a given area/passenger. So for 
every 200 Wm-2 that fall on a passenger the PMV for that subject will rise 1 scale 
point on the PMV scale. Its is possible to record the amount of solar radiation using 
a Pyranometer and converting its value in milli volts (mv) to Watts per metre 
squared (Wm-2). 
2) Computer Aided Design 
Although expensive Computer Aided Design (CAD) programmes can be used to 
model the environment in question. CAD is now an integral part of design and 
evaluation, allowing the user complete control over the environment with which to 
make predictions and evaluations quickly and practically. Within Rail Carriage 
design modelling of the carriage could be performed to predict the environmental 
parameters decided in part 1. A software programme developed so predictions for 
how the environment will act under certain conditions can be made for example the 
programme could be written to produce a PMV value using the PMV solar Model 
for certain conditions predicted by the user. 
3) Human Subjects 
It is important to use Human subjects in rail carriage design as it offers a valid 
method of research and also is appropriate when testing thermal comfort as it is a 
psychological state. Human subjects will give their subjective responses to the 
thermal environment using a number of subjective scales. Human subjects can be 
used in a simulated rail carriage or on working carriages using Field Trials. 
Typical Human Subject Trial: 
a) Aim- measure subjective response to measured environmental conditions over a 
period of time/route of train. 
b) Conditions of Trial- Relevant and valid conditions should be used for the test 
for example over a certain route of travel or in specific simulated conditions. 
c) Selection of subjects- As with other Human subject research the sample should 
be between 6-16 subjects and representative of the population. It may be only 
appropriate to use male subjects when investigating thermal comfort due to 
fluctuations in female core temperature during the menstrual cycle that may affect 
results. 
d) Subjective measures- Measures of Thermal Sensation, thermal Comfort, 
Stickiness, Draughtiness, Preference, Satisfaction and Acceptability can all be 
recorded on subjective scales: 
For Thermal Sensation a seven point scale may be used, with subjects rating their 
feelings on a vertical line corresponding to a number of thermal sensations: 
Hot +3 
Warm +2 
Slightly warm +1 
Neutral 0 
Slightly cool -1 
Cool -2 
Cold -3 
For Thermal Comfort a four point scale is recommended: 
Very Uncomfortable +4 
Uncomfortable + 3 
Slightly Uncomfortable +2 
Not Uncomfortable + 1 
A Full version of a recommended questionnaire can be seen in Appendix A, see also 
ISO 14505 Part 3. 
e) Environmental Measures - it is often important to record the internal 
environment as well as subjective measures, even if a simulator is being used with 
pre determined environmental conditions it is still recommended to record and 
check the internal environment. This should be measured as in Part 1 of this design 
guide, 'Measurement of environment and Predictive Models'. 
f) Analysis - PMV solar values can be determined using the environmental data 
recorded and comparisons can be made with the Actual Mean Vote (AMV) of 
Participants for a given time and space. 

